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ABSTRACT 
Methods to repair damaged cylindrical thin walled shells subjected to axial 
and hydrostatic compression are investigated experimentally in the thesis. 
The experimental programme utilised 1: 40 scale TIG welded steel models. 
Twelve models were tested and reported upon. The study considered three 
types of shell geometry, the plain shell, the multi-bay plain ring 
stiffened shell and the orthogonally stiffened shell with plain section 
ring and stringer stiffeners. The form of damage considered was the line 
crease imposed perpendicularly to the vertical axis of the shell. 
The design of the Hyperbaric Testing Facility, its associated equipment and 
instrumentation and the development and manufacture of the test models with 
their respective repairs is considered in detail. Equipment developed to 
enable displacements of the shell to be measured by transducers from within 
the pressure envelope whilst under test are presented. 
As a precursor to the main experimental programme a detailed strain gauge 
survey of the membrane and bending stress distributions in and about the 
damaged zone of the shell was undertaken. 
Three types of repair methods were investigated, the strut or prop, the 
plate patch and the curved T section beam both tied and untied to the 
shell. An extensive data base of strain, stress and displacement data was 
built up from the twelve research models covering their behaviours before 
and after being repaired when subjected to separate hydrostatic, axial 
compressive and combined loading tests. The collapse test results from the 
models were presented on load interaction diagrams. 
It was concluded that invaluable guidance to designers on the efficacy of 
certain approaches to the repair of damaged thin walled shells was achieved 
in addition to developing for analytical researchers and extensive data 
base of strain, stress and displacement information on shell behaviour 
under different forms of loading. 
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1.0 INTRODUCTION 
1.1 GENERAL BACKGROUND 
The requirement to exploit the resource of off-shore oil fields in 
ever deeper locations, currently the North Sea and in the future the 
Continental Shelf of the Atlantic Ocean, coupled with the associated 
requirement for lighter and more economic structures has seen the 
development of considerable research work into the behaviour of thin 
walled cylindrical shells which have many applications in off-shore 
structures as both primary or secondary structural elements. 
If the size of structure and depth of oilfield were not in themselves 
sufficient to cause headaches to structural designers, the North Sea 
has provided two additional problems by way of bad weather and ship 
collision hazard. 
The North Sea, can for most of the year, but particularly the winter 
months, offer some of the most atrocious weather conditions in terms 
of both severity of conditions and rapidity of change anywhere in the 
world. 
The proximity of the oilfields and their associated production 
platforms in a sea which has been the gateway of the British Isles to 
Europe and Scandinavia and similarly from coastal Europe to the North 
Atlantic has made the hazard of ship collision a distinct possibility 
which designers cannot discount. 
The problems associated with weather conditions, which while totally 
outside of human control, can be addressed by analysis of 
meteorological data and records to provide both short and long term 
weather forecasts and predictions. This information, which has been 
built up over years of data collection from meteorological balloons 
and weather reports from ships and aircraft, has enabled statistical 
models to be developed from which the most improbable extremes of 
weather conditions can be predicted. This data when coupled to known 
and understood lunar data which controls the timing and range of 
spring and neap tides does provide the designer with a reasonably 
accurate background into the possible effects of wind and tide on his 
structure, thus to some extent 'understanding' for the most part the 
uncontrollable. 
While theoretically within mans ability to prevent totally or at the 
very least reduce to a minimum, the risk in the North Sea of object 
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accidental collision or impact with an off-shore structure is not 
insignificant. 
The adherence of ships to designated 'traffic lanes' and the now more 
common use of radar and GPS type navigation systems, which will 
determine the chart position of a vessel to within 3 metres of its 
actual position, has significantly reduced the risk of collision from 
human navigation error. 
However, irrespective of how sophisticated the navigation and control 
systems are on modern ships, such as automatic pilots, the assumption 
that vessels actually have a 'watchkeeper' on duty at all times is 
not, in practice, a certainty. 
The 'wild card' in ship collision predictions which negates all 
legislative controls such as lane management, prohibitions or 
exclusion areas etc. is that of ship's engine failure or steering 
gear malfunction. 
A notable incident of this type occurred in the North Sea in the 
early 1990's when a ship's engine failed due to water ingress into 
the fuel supply lines of the engine. 
The further preference of modern ships for single screw propulsion 
systems and the response times in bringing ocean going salvage tugs 
on-station only increase the risk factor of a serious incident 
occurring in congested areas such as the North Sea. 
In the world theatre of operation it has been established (Ref 1.1) 
that no less than 15% of the recorded incidents which resulted in 
loss or substantial damage to off-shore installations were 
attributable to ship or vessel collision. 
While to date no disastrous incident of large ship collision has 
occurred with an off-shore structure, the effects of such an 
occurrence happening would be horrendous in terms of both the loss of 
life or the resulting financial consequences. 
Based on the assumption that it was possible to design an off-shore 
structure that could sustain large ship impact (the designers of the 
Titanic believed her unsinkable), the cost of manufacture of such a 
structure would for all practical purposes be impossible to justify 
on an acceptable pay-back formula. 
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Designers must therefore assume that it is the responsibility of 
Government to reduce the possibility of large ship collision within 
their territorial waters by introducing legislation to declare 
designated shipping lanes or exclusion zones where the risks are 
greatest. However, such measures are only valid of they are 
adequately policed by radar and patrol vessels. 
The designers problem therefore reduces to: - 
consideration of the size of ships that would be permitted 
to 'come alongside' under prescribed sea states. 
2. consideration of the effect that the dropping of equipment and 
stores would have on the structure during transfer of supplies 
or that which could reasonably be considered to break free from 
the structure during storm conditions. 
3. consideration that the effect of 'wave-slam' has on the 
structure over the anticipated worst statistical storm 
conditions and over the full range of tide and sea conditions. 
A Department of Energy study between the periods of 1974 to 1976 
(Ref 1.2) indicated that in a survey of collisions between ships and 
installations in the North Sea theatre, half of these involved supply 
ships or vessels of between 500 to 1000 tons. A notable incident 
which caused severe damage, but not catastrophic, was when a supply 
vessel impacted the Leman 49/27 H well-head platform while running at 
an estimated 13 knots (15 m. p. h. ). 
In any safety assessment the term 'hazard' and 'risk' have two quite 
distinct definitions and address totally different concepts. The 
term hazard seeks to identify all and every possible circumstance 
that could result from a conceptual, system or component failure 
caused by human error, or by random occurrence of nature. Risk on 
the other hand attempts to define the probability of each and every 
identifiable hazard from occurring, however probable or implausible 
coupled with the consequences of the hazard occurring. 
The combination of both of these distinct features combined with an 
understanding of the chaos, damage to property and the environment 
with potential injury and loss of life, has resulted in designers 
placing 'risk assessment of collision and incident' at the forefront 
of their deliberations. 
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A number of researchers have investigated the probability of vessel 
collision with off-shore structures. Resulting from this a number of 
prediction methods have been proposed, these having been based on 
analysis of actual incidents from which statistical models have been 
developed. Another complementary approach was to develop simulation 
models using known factors such as weather, wind and tide conditions 
in conjunction with a knowledge of vessels course, speed and 
manoeuvrability at speed to predict the possibility of collision. 
The results of these analysis showed that in the confined area of the 
North Sea with its known regular passage of ships the possibility of 
incidents happening were higher than the low levels of probability 
normally considered acceptable in such matters. 
While the hazard of large ship collision with an off-shore structure 
remains a possibility the risk of such an occurrence happening can be 
reduced by considerations such as oilfield layouts with associated 
exclusion zones, these taking into account established traffic 
routes, size of vessel and manoeuvrability under way as well as 
navigational aids. These factors are within the scope of Government 
and International Bodies and Agencies to address. 
In the case of small ship/vessel collision the probability of an 
occurrence may increase but the consequences associated with it 
reduces with reduction in vessel size. In these circumstances the 
designer will accommodate for the effects of collision by limiting 
the tonnage of vessels entering the proximity zone of the rig and by 
designing fenders capable of absorbing anticipated energy levels and 
also by incorporating reinforced structural elements in the design 
specially for this purpose. 
More recent research has concentrated on developing an understanding 
of how thin walled structural elements behave during and after 
collision impact with the aim of 'building in' to the element a 
resistance to impact as the design criteria, rather than designing 
only for the actual loads the structure normally carries. 
When a structural element has sustained damage the reasons why this 
occurred, whether it be by inadequate design rules or excessive 
unpredictable loading become of lesser immediate importance, the fact 
remains that the element is deformed with a resulting 'knockdown' in 
future or continuing load carrying capacity. 
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This thesis attempts to offer guidance to designers as to what 
methods can be adopted to effect a temporary repair to a damaged 
cylindrical thin walled structural element with a view to regaining 
some of the load 'knockdown' the structure had sustained from the 
collision. 
1.2 AIMS AND SCOPE OF THE THESIS 
The primary aim of the thesis was, by designing and conducting a 
number of carefully conceived experiments on cylindrical thin walled 
shells, to investigate how the reduction in load carrying capacity 
(knockdown) of a shell which had sustained substantial impact damage 
could be reinstated, or at least significantly reduced, by a suitable 
repair procedure. 
The models to be used in the experiments were small scale (1: 40) 
steel, all welded fabrications, representing current state of the art 
in this type of manufacture. 
Three types of model designs were investigated, 
a. plain unstiffened shell 
b. multi-bay circumferentially ring stiffened plain shell 
c. orthogonally stiffened shell which incorporated both plain 
section longitudinal stringer and circumferential ring 
stiffened elements. 
The form of damage imposed on all the test models was a horizontal 
linear dent with constant curved profile along the contact edge 
representing impact from a reinforced stern or bow of a supply craft. 
Three types of repair procedure were investigated, 
a. the curved plate or 'patch' 
b. the column or 'strut' 
c. the curved circumferential 'T' section beam. 
An additional important aim of the thesis, which determined the basis 
of the purely experimental approach taken, was to build up from the 
series of elastic tests under axial compressive load and hydrostatic 
pressure, which preceded the final collapse test under combined 
loading conditions, a bank of stress/strain and displacement data 
which could be used in the future as the benchmark from which to 
compare the results of 'idealised models' configured and run using 
any one of a number of proprietary finite element packages. 
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To achieve these aims it was necessary to undertake the following 
activities: - 
Hardware 
- design an experimental set-up capable of testing models under 
axial compressive load, hydrostatic pressure, pure lateral 
pressure and combinations of both the previous loading 
conditions. 
- design equipment capable of monitoring both strain and 
displacement data on the model whilst under test within the 
Hyperbaric Chamber. 
- organise and control the manufacture of all the research models 
used in the thesis and extend the model making technology to 
include all aspects of effecting the repairs to the shell. 
Procedural 
- develop experimental procedures to enable testing to be carried 
out under axial compressive load, hydrostatic pressure, pure 
lateral pressure and combinations of these. 
- develop experimental testing procedures to enable all forms of 
experimental data to be obtained whilst under any of the 
described applied loading conditions. 
Experimental 
As a pre-requisite to the design of the repair procedures, 
- to investigate the effect that a line dent has on the ability 
of the damaged zone of a plain shell to support and transmit 
through it the effects of longitudinal and circumferential 
membrane and bending stresses resulting from the application of 
hydrostatic pressure or axial compressive loading or 
combinations of both these conditions. 
- to design preliminary repair procedures and determine by 
experiment the efficacy of such an approach for further 
development. 
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- to identify the most promising of the preliminary repair 
approaches and investigate its further applicability in a 
multi-bay model where it could be benchmarked against similarly 
loaded 'damaged' or 'undamaged' models. 
- to investigate the residual strain and displacement levels 
within a multi-bay plain model in both the panels and their 
associated ring stiffeners after the release of the indenter 
when the dent is applied in line with either the ring stiffener 
or at the mid height of a panel. 
- to investigate the efficacy of using curved section beam 
elements to repair the damaged circumferential ring stiffeners 
of plain multi-bay models. 
- to investigate the distributions of longitudinal and 
circumferential membrane and bending stresses through the 
panels and ring stiffeners of a plain multi-bay model due to 
either hydrostatic pressure and axial compressive load before 
and after being repaired. 
- to determine the efficacy of each of the repair approaches when 
tested to collapse under identical combined loading parameters 
and benchmarked against other damaged or undamaged models of 
the same shell type. 
- to further apply the use of the curved section beams to the 
repair of orthogonally stiffened models. 
- to investigate the distributions of longitudinal and 
circumferential membrane and bending stresses through the 
panels, stringer stiffeners, circumferential ring stiffeners 
and repair beams of orthogonally stiffened models under the 
action of axial compressive load and hydrostatic pressure. 
- to determine the efficacy of each of the repair approaches when 
tested to collapse under combined loading parameters and 
benchmarked against other models of the same shell type. 
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1.3 LAYOUT OF THE THESIS 
A general review of relevant research work into the behaviour of 
cylindrical thin walled shells of the type used in off-shore 
structures is given in Chapter 2. As the precursor to the work of 
this thesis Chapter 2 concentrates on the complementary programmes of 
research work undertaken at the University of Surrey and Imperial 
College using models of the same generic family and which 
investigated the behaviour of perfect and damaged shells subjected to 
hydrostatic pressure, axial compressive load and combined loading 
conditions. 
The unique Hyperbaric Structural Testing Facility which had been 
designed and, for the most part, constructed in-house at the 
University of Surrey to conduct research into the behaviour of thin 
walled shells under combined loading conditions is presented in 
Chapter 3 along with detailed descriptions of the design of the major 
items of ancillary equipment which were an integral part of the 
Facilities ability to monitor strains and displacement effects on the 
model whilst under test conditions. 
Chapter 4 presents, in detail, the processes and techniques used to 
manufacture the research models with particular reference to the 
design and manufacture of the associated welding jigging so essential 
in ensuring that the geometric imperfections of the shell resulting 
from manufacture were within the limits of acceptability to pertinent 
Design Code requirements. The method of imposing simulated damaged 
to the shell under controlled conditions is also discussed as is the 
practical aspects of effecting a number of different repair 
approaches to the damaged models. 
Chapter 5 discusses the experimental setting-up and test operating 
procedures used to test the models with particular reference to the 
techniques specially developed, using the equipment discussed in 
Chapter 3, to transfer the experimental data from within the pressure 
envelope of the Hyperbaric Chamber to the associated logging 
equipment. 
The main body of the experimental 
within Chapters 6,7,8 and 9. 
work investigated is contained 
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Chapter 6 investigated both the mechanics of how a plain shell 
carried/distributed the effects of axial compressive load and 
hydrostatic pressure both in the region of the dent and in the zones 
of the shell immediately adjacent to the extremities of the dent and 
then considered the efficacy of two quite different repair methods, 
namely the 'patch' and then the 'strut' or 'prop' approach. 
To develop further the strut or prop method of repair introduced in 
Chapter 6, a further series of three complimentary tests, under 
combined loading conditions, were carried out using a design of 
multi-bay model whose internal ring stiffeners had geometric 
parameters typical of that currently used in offshore structural 
practice. The methodology of test and associated results are 
reported in Chapter 7. To act as a benchmark against which the 
efficacy of the particular model repair approach could be assessed, 
one of the models in the series was tested in the 'perfect' or 
undamaged state and the other with a form and degree of imposed 
damage identical to that of the repaired model. 
In Chapter 8a totally different repair approach was adopted to that 
presented in Chapter 7 for the repair of identical multi-bay models 
whereby the damage which resulted to the internal ring stiffeners 
from the imposed denting process was attempted to be redressed by the 
use of externally mounted curved 'T' section repair beams welded 
coincident with the damaged internal members. The series consisted 
of four models one of which was tested in the undamaged condition as 
the benchmark for the other three which had all been repaired using a 
slightly different approach. 
Chapter 9 extended the concept of the 'tied' curved repair beam 
approach developed in Chapter 8 to a series of tests using two 
orthogonally stiffened models whose internal ring and stringer 
stiffeners were of plain design. 
The effect that increased radial penetration of the shell by the 
indentation process had on the ability of the shells and their 
internal stiffening members to resist both hydrostatic and axial 
compressive load effects is also investigated in detail by a series 
of elastic tests which preceded the final collapse test under 
combined loading conditions. 
In Chapter 10, the results of the tests to determine the efficacy of 
the different repair approaches developed and discussed in Chapters 
6,7,8 and 9 are reviewed and where possible are 'benchmarked' 
against complementary experimental programmes using identical small 
scale models. 
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Based on the results of these tests guidance and recommendations as 
to the efficacy of a particular repair approach is given. 
Chapter 11 details conclusions derived from the testing programme and 
provides recommendations for future work to complement the findings 
of this thesis. 
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2.0 REVIEW OF RELEVANT LITERATURE 
2.1 IMPACT AND COLLISION 
In a collision between a vessel and a quasi static fixed platform, 
substantially all of the the energy of impact will be absorbed and 
dissipated within the structure of the platform. 
The means by which this energy is dissipated include: - 
a. elastic vibrations of both structure and vessel 
b. elastic deformations of structure and vessel 
C. elastic deformations of fenders built into the vessel 
or structure 
d. plastic deformations of the structure and vessel 
e. plastic deformations of the fenders 
In deciding which of the above energy dissipation mechanisms are 
appropriate, it is necessary to differentiate between 'impacts' that 
the designer should have included within his brief as normal and 
whose releases of energy can be accommodated by the structure without 
resulting damage, and collisions which are unscheduled incidents and 
result in damage to either the structure overall or to any of its 
integral members. 
With the notable exception of RO-RO Ferries and oil tankers which can 
moor to floating buoys, the standard method of vessel berthing is the 
process of 'coming alongside' whereby the vessel approaches the quay 
at an acute angle, bow first, and after securing a spring line from 
the bow, uses it engines to bring the stern alongside parallel to the 
quay. Undertaken with skill in good conditions this process can be 
undertaken with minimal, if any, impact. However, once a vessel has 
lost steerage due to the loss of controllable relative motion between 
the hull and the sea, and coupled with the effects of wind on hull 
and superstructure, then it is not uncommon for this movement to 
result in a degree of impact between the vessel and the quay. To 
accommodate for this circumstance vessels and quays have fenders 
built into them or use portable fenders to absorb the energy of 
impact. In many vessels the fenders are built into the hull just 
proud of the waterline. 
2/1 
In this type of impact the anticipated mechanism of energy release 
would be by (a), (b) or (c). 
In their Conference papers, Thoresen and Larsen (Ref 2.1 and 
Ref 2.2) concluded that the energy absorbed after impact by elastic 
vibrations (a) was small and in the context of a 'collision' 
disregarded. 
Petersen in his paper (Ref 2.3) offered the view that in minor 
impacts a considerable portion of the kinetic energy could be 
absorbed by methods (b) and/or (c). However in a collision these 
methods would be unable to absorb the magnitudes of kinetic energy 
involved and the only realistic mechanism to do this would be (d) and 
(e). 
The kinetic energy of a vessel in impact with a fixed structure would 
be determined by: - 
KE _ M'V2 but in this case 
the mass is not just the mass M of the vessel but is factored by the 
'hydrodynamic mass' i. e. M' = (M + a) where, 
for a head on impact, a=0.1M and 
for a sideways impact, a=0.4M 
In the case of 'impact' the magnitude of the closing velocity should 
be small and represent only the lateral drift of the vessel onto the 
structure. A typical accepted value would be 2m/sec representing a 
4kt drift. 
With the trend to ever larger supply vessels, a typical size is 5000 
tonnes, the kinetic energy that the structure would have to absorb 
and dissipate due to a sideways impact on a 4kt drift would be 14 MJ. 
In the design of the structure, or its fendering system, it is normal 
not to consider the energy absorbed during impact by the deformation 
of the ship, but to assume the worst case scenario whereby the ship 
remains rigid before and after impact and the entire energy release 
is into the structure. 
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2.2 SUMMARY OF RELEVANT OFF-SHORE RELATED RESEARCH WORK 
Over the previous twenty to thirty years a plethora of research work, 
aimed directly at off-shore applications of thin walled shells and 
plates has been undertaken and reported upon. This work, both 
theoretical and experimental, has investigated the buckling behaviour 
of plain shells, stringer stiffened shells, orthogonally stiffened 
shells under many singular forms of loading in addition to the 
combined forms of loading. The effects that imperfections of 
manufacture and residual stress effects have on the theoretical and 
experimental results have also been thoroughly investigated by 
numerous researchers. 
Such was the magnitude of information and research data available to 
designers that in 1983 the UK Department of Energy commissioned 
JP Kenny to collect, collate and present all relevant research data 
in a single volume which designers and other interested parties could 
use as a reference standard. This book entitled 'Buckling of Off- 
Shore Structures' (Ref 2.4) was written by Ellinas, Supple and 
Walker. Contained within its covers are referenced all the work 
necessary for any literature survey on the behaviour of shells which 
have an application in off-shore research. Of particular relevance 
to the work of this thesis, the author recommends the following 
sections of the book: - 
Part II Ring Stiffened Cylinders 
II. 2 Materials, Production Methods and Tolerances 
II. 3 Axial Compression 
II. 4 External Pressure 
II. 6 Combined Axial Compression and External Lateral 
Pressure 
Part III Stringer Stiffened and Orthogonally Stiffened Shells 
111.2 
111.3 
III. 4 
111.6 
Materials, Production Methods and Tolerances 
Axial Compression 
External Pressure 
Combined Axial Compression 
Pressure 
and External Lateral 
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2.3 COMBINED LOADING TESTS ON STRINGER STIFFENED SHELLS (DnV SERIES) 
In the early 1980's DnV commissioned a series of tests to investigate 
the buckling of stringer stiffened shells under combined loading 
conditions. Although this form of loading has widespread application 
in off-shore structures it had received very little theoretical or 
experimental attention. This fact was evidenced by the almost total 
absence of guidance to designers in any of the notable Design Codes, 
the exception being DnV-OS where it suggested that such stiffened 
cylindrical shells could be treated as stiffened flat panels acted 
upon by combinations of axial compression and external pressure. 
The programme consisted of 12 tests, 3 of these being conducted at 
Imperial College by Dowling et. al (Ref 2.5) under purely axial 
compression and the remaining 9 at the University of Surrey by Walker 
and McCall (Ref 2.6) under combined external pressure and axial 
compressive load. 
The models tested were of all steel construction with all of the 
stringers being TIG welded to a flat plate which was then wrapped 
round a former prior to the closing longitudinal seam weld being laid 
on. The models were all subsequently heat treated to remove the 
residual stresses of the welding process. 
The geometric and material parameters for each of the 3 types of 
models tested were as follows: - 
NS 1/r r/t t ds/ts ts/t y 
40 0.4 190.5 0.84 8 1 313 
40 0.8 190.5 0.84 8 1 313 
40 1.2 190.5 0.84 8 1 313 
These 12 tests, 4 series of 3 geometries, included a series of pure 
lateral pressure as well as hydrostatic pressure. The results were 
presented in the form of the interaction curve shown by Fig 2.1. 
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The curves shown in this graph demonstrated that the effect of 
increasing the 1/r ratio of the shell had little effect on the 
pressure load required to cause collapse until the magnitude of the 
axial compressive load became a significant component of the combined 
loading. Similarly, the effect of increasing the 1/r ratio had a 
significant deleterious effect on the value of the external pressure 
to cause collapse. 
In the commentary of these tests (Ref 2.4) Pages 283 to 291, it was 
proposed that until such times as additional theoretical and 
experimental evidence was available a straight line interaction curve 
between the pure axial compressive and pure lateral pressure points 
would provide designers with a conservative means of predicting the 
failure loads under combined loading conditions. If this were so, 
then with the existing methods of predicting collapse loads under 
external pressure and axial compressive load then it would be 
possible to form a design expression of the form. 
Vx 
0-4- 
0 FX-C 
S vecS 
sand 
09-CS 
were the characteristic resistances under axial 
compression and external pressure respectively and found in Design 
Codes such as ASME. 
Graphs showing the previous equation superposed to the DnV-OS rules 
and previous set of 12 experimental points are shown in Fig 2.2. 
In his paper Harding, Ref 2.7, described a design method which gave 
good agreement with the previous 12 experimental points. It allowed 
for the effects of residual stresses and geometric imperfections but 
its validity was restricted to cylinders with closely spaced internal 
stringer stiffeners. 
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2.4 STRENGTH OF DAMAGED RING AND ORTHOGONALLY STIFFENED SHELLS 
(D. En/SERC PROGRAMME) 
2.4.1 General Background 
Towards the end of the 1980's the focus of research into thin 
walled cylindrical shells centred on the behaviour of such 
shells, particularly their strength, after they had sustained 
damage commensurate with a minor collision with an attendant 
supply ship. To address this problem the Petroleum Engineering 
Directorate of the Department of Energy and the UK Science and 
Engineering Research Council Marine Technology Directorate 
jointly initiated a research programme to study this problem. 
An important part of this research work were two complementary 
experimentally based research contracts awarded to Imperial 
College (Ref 2.8) and the University of Surrey (Ref 2.9). The 
work done at the University of Surrey by Walker and McCall 
investigated under combined loading conditions the effects that 
damage had on ring stiffened cylinders, which incorporated 
either plain or 'T' Section circumferential rings, and also on 
orthogonally stiffened shells which embraced plain section 
longitudinal stringers and circumferential ring stiffeners. 
The complementary work undertaken at Imperial College by 
Harding et. al concentrated on the effects that damage had on 
the ability of these shell types to withstand axial compressive 
loading. 
The three designs of models used in the test series were all 
1/40th scale, all welded steel fabrications and with the 
exception of the imperfections of manufacture, when compared to 
corresponding practical shells being incorporated in TLP 
designs, were all nominally identical within their specific 
type. The geometric parameters of these models are as shown in 
Fig 2.3. It should be noted, however, that while the models 
discussed here and also in the general body of this thesis, are 
generically similar to the DnV tests discussed previously, the 
DnV models were manufactured by a different forming process 
particularly with respect to the fabrication of the stringer 
stiffened bays. 
In both the Surrey and Imperial College test series the damage 
was imposed on the shell as a linear dent using a common 
profile indenter bar in a direction perpendicular to the 
vertical axis of the shell. 
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As the experimental body of this thesis was concerned with the 
repair of damaged shells subjected to combined loading 
conditions, this review will concentrate on that part of the 
D. En/SERC contract undertaken at the University of Surrey where 
the effects of damage under combined loading conditions were 
investigated. The findings of the complementary work performed 
at Imperial College can be found in the following references 
2.10 to 2.12. 
2.4.2 Tests On Plain Ring Stiffened Models 
The test series consisted of two models denoted as R1 and R2. 
These models had five bays, each being separated by a plain 
circumferential ring stiffener, and were identical in general 
form to C4, C5, C6, C9, CIO, C11 and C12 tested and reported 
upon in this thesis. 
Both models were subjected to imposed damage at the mid height 
of the centre bay to a depth of 5.3mm or about 9 times the 
shell thickness. 
Prior to denting, Model R1 had been sprayed with brittle 
lacquer. The post denting test results of this process are 
shown by Fig 2.4 where it can be clearly seen that on the two 
panels adjacent to the dented panel, zones of sub-critical 
tension or even compression had developed on the surface of the 
shell. The black dots show the location of the ring 
stiffeners. The damaged area was hence seen to be limited to 
an elliptical shaped boundary which progressively moved out 
from the indenter contact line as the depth of penetration 
increased. This effect was also observed during tests on 
unstiffened cylinder reports in Ref 2.13. 
The trace of the denting load versus the residual dent depth 
for both of these models is shown by Fig 2.5. Incorporated 
with these experimental results is the trace of a plastic 
analysis done by Walker and Kwok (Ref 2.13). This analysis, 
which took no account of the presence of the ring stiffeners, 
concluded that for this size and geometry of stiffener the dent 
depth mechanism could proceed unaffected by the presence of the 
stiffeners as the energy involved in deforming them was small 
in comparison with that required to develop the plastic damage 
mechanism in the skin. The theory determined that the membrane 
energy was the predominant component of mechanism development. 
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A summary of this effect complemented by strain gauge data can 
be found in the same reference. 
In this pair of tests, Model Rl was tested to failure by 
firstly applying a hydrostatic pressure ramp to a predetermined 
holding pressure of 0.5 N/mm2 which was then followed by a 
superposed axial compressive load ramp until failure occurred. 
Model R2 was tested to failure by the application of an 
increasing hydrostatic ramp until failure occurred. 
During these tests both shells experienced severe localised 
buckling in the region of the dent at an approximate pressure 
of 0.4 N/mm2, shown in Fig 2.6 by a sharp reduction in 
pressure, p, on the pressure/time trace of Model R1. The 
resulting volume change to the shell, caused by the rigid 
nature of the Hyperbaric Chamber, is evidenced by the 
deformation to the internal surface of Model R1 in the vicinity 
of the dent shown by Fig 2.7. Tripping of the ring stiffeners, 
which had previously been limited to those adjacent to the 
dent, now had cascaded over the full height of the shell. It 
could be surmised that the length of the buckle was only 
limited by the relative massive stiffness of the end rings and 
if the shell had been many times longer and separated by the 
same size of ring stiffener then the buckle would have 
continued to develop over the full length of the shell. An 
explanation of the mechanics of this collapse mode supplemented 
by strain gauge data from the ring stiffeners is given in Part 
1 of Ref 2.14. 
In the failure test, Model R1 exhibited severe deformation in 
the region of the dent but the ultimate failure was also 
associated with buckles in the upper bay which extended all the 
way round the shell circumference as shown by the photograph in 
Fig 2.8. It was also observed from the results of the 
orthogonal strain gauges on the shell at the dent extremity and 
at two other locations some 1200 from the dent, that the effect 
the damaged zone had on the remainder of the shell at collapse 
was minimal. From this it was deduced that the influence of 
the dent on the mechanics of the shell behaviour was localised 
but nevertheless significant for a plain ring stiffened shell. 
A conclusion to be drawn from these two tests was that while 
the design of the plain ring stiffeners was adequate to prevent 
general buckling of the undamaged areas they were ineffective 
in limiting the area of initial damage when the shell was 
subjected to pressure loading. 
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2.4.3 Tests on 'T' Ring Stiffened Models 
The test series consisted of two models denoted as R3 and R4. 
These models had three bays each being separated by a 'T' 
section circumferential ring stiffener of approximately the 
same moment of inertia as the plain rings on the previous 
models. 
Both models were subjected to imposed damage coincident with 
the middle ring stiffener to a depth of 3.0 mm or about 5 times 
the shell thickness. 
Each of these two models were tested to failure under combined 
loading conditions, Model R3 being subjected to a hydrostatic 
ramp to 1.0 N/mm2 followed by an axial compressive load to 
failure and Model R4 to a hydrostatic pressure of 0.5 N/mm2 
before the similar application of axial compressive load. 
As models of this geometry were not included in the range 
reported in this thesis no further review of their behaviour 
will be included here. Full details of these tests are 
reported in Ref 2.9 and also reviewed in Part 2 of Ref 2.15. 
2.4.4 Tests on Orthogonally Stiffened Models 
The test series consisted of two models denoted as R5 and R6. 
These models had three bays each being separated by a plain 
section circumferential ring stiffener and stiffened in the 
longitudinal direction by 40 off, plain section stringer 
stiffeners in the case of Model R5 or 20 off, plain section 
stringer stiffeners in the case of Model R6. Model R5 was 
identical to those reported in this thesis and denoted as C7 
and C8. 
The purpose of the tests on this geometry of shell was to 
investigate further the occurrence of stiffeners tripping under 
the action of, initially, hydrostatic pressure and then the 
super position of axial compressive loading. The methodology 
of test was to impose on the models a certain level of damage 
and then subject them to an increasing hydrostatic ramp until a 
pressure of 0.5 N/mm2 had been attained. 
2/9 
In the case of Model R5 (40 stringers) the imposed dent was 
about 13 times the shell thickness and in the case of Model R6 
(20 stringers) about 22 times the shell thickness. During the 
denting test on Model R5 it was discovered that the development 
of the dent was not as uniform a process as had been observed 
with the ring stiffened models but followed the relationship 
shown by Fig 2.9 where at an axial load of 4 kN sudden yielding 
occurred which coincided with a sharp increase in the inwards 
movement of the shell. A probable explanation was that the 
longitudinal stringer stiffeners acted as beams until such 
times as they formed plastic hinges under the action of the 
indenter loading. 
The photograph shown by Fig 2.10 clearly indicates the damage 
to the internal surface of the model in the vicinity of the 
dent. The absence of local tripping on either the rings or 
stringer stiffeners of the model, shown by this photograph, 
also leads to the conclusion that, compared with the ring 
stiffened shells, the degree of bending was moderate and that 
the stringers and shell skin were acting predominantly in 
tension. 
In the hydrostatic test on Model R5, which followed the denting 
test, the shell failed to attain the planned level of 0.5 N/mm2 
as evidenced by the drop in the pressure/time graph shown by 
Fig 2.11. It was noted however, that after this event had 
occurred, the system pressure began to increase due to the 
continuing operation of the pump and on regaining the previous 
pressure level, total collapse of the shell followed quickly 
afterwards. 
A detailed explanation of the mechanics of what happened during 
both phases of this collapse test based on the strain gauge and 
displacement transducer readings can be found in Ref 2.9, with 
a summary in Section 2.2.2 of Ref 2.15. 
The conclusion from this experiment was that from the mode of 
failure of the shell, shown by Fig 2.12 and Fig 2.13, that the 
plain rings were not adequately stiff or strong to prevent an 
extension of the damaged zone nor to localise the buckles in 
the shell skin. 
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In the corresponding denting test on Model R6, which had only 
half the number of stringer stiffeners as Model R5, a similar 
plateau as existed on the distribution of denting load to dent 
depth for Model R5 occurred. This is shown in Fig 2.14 for 
comparative purposes. 
A view of the interior of the shell after denting is shown by 
Fig 2.15 where although the internal structural members 
experienced extensive deformation, no obvious sign of local 
stiffener tripping could be observed or detected. 
In the collapse test on Model R6, which followed the denting 
test a similar 'premature' collapse as occurred on Model R5 
happened, this time at a hydrostatic pressure of 0.24 N/mm2. 
However, in this case the shell recovered to 0.3 N/mm2 
whereupon the shell failed completely this time. The trace of 
system pressure vs time is shown by Fig 2.16 where the initial 
failure, followed by recovery and then final collapse is 
clearly shown. 
Investigations of both the strain gauge and displacement 
transducer data demonstrated that up to a pressure of 
0.24 N/mm2 the deformation to the shell in the dented region 
was small, but at 0.24 N/mm2 the dented region became unstable 
and suffered a large deformation as can be seen from the 
photograph in Fig 2.17. While greatly deformed the shell was 
still stable overall and it was not until the hydrostatic 
pressure had attained 0.3 N/mm2 that the model collapsed by 
panel buckling as shown by Fig 2.18. 
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3.0 HYPERBARIC STRUCTURAL TESTING FACILITY, ASSOCIATED EQUIPMENT 
AND INSTRUMENTATION 
3.1 GENERAL DESCRIPTION OF FACILITY 
The Hyperbaric Structural Testing Facility, which was designed 
and developed by the author over a ten year operational period, 
is located within the laboratories of the Mechanical 
Engineering Department at the University of Surrey. A general 
view of the Facility is shown by Fig 3.1. 
The Facility was set up specifically to investigate, by 
experimental means, the effects that combinations of axial load 
and lateral external pressure had on thin walled cylindrical 
shells of the type currently used in the construction of off- 
shore structures and from this work derive the associated 
"interaction curves". 
Of its type the Facility was, and still is, quite unique 
insofar as while other "hyperbaric" testing facilities do 
exist, this is the only one within the U. K. which can, due to 
the design of the Loading Head Assembly (described in Section 
3.4.2) and the uni-directional axial loading capability of the 
actuator, replicate pure external lateral pressure on the shell 
in addition to ratios of 
Q/77 
>2 in thin walled shells. 
The centrepiece of the Facility was the Hyperbaric Structural 
Testing Rig which comprised of a servo-hydraulic Actuator 
housed within a Self Reacting Frame capable of interacting with 
a High Pressure Test Chamber. 
Each element of the Facility was capable of independent 
operation. 
One of the unique features of the Hyperbaric Structural Testing 
Rig was its ability to conduct full radial displacement surveys 
on the external (wet) surface of the research Models from 
within the Pressure Chamber whilst under test using LVDT type 
displacement transducers. 
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A schematic view of the Rig is shown by Fig 3.2 
Associated with the Facility was another Instron electro- 
hydraulic Actuator of + 250kN capacity located within a 500kN 
dynamically rated frame. This machine was used for general 
materials testing work. 
3.2 HYPERBARIC STRUCTURAL TESTING RIG 
3.2.1 The Self Reacting Frame 
The frame was constructed of five rectangular hollow section 
structural steel columns welded at equiangular pitch onto an 
Annular Ring at the column tops and segmented ring elements at 
their mid height. 
Each column was fastened to the base of the Self-Reacting Frame 
by a heavy rectangular bolted flange. 
Enclosed by this cage of columns and bolted securely to the 
base plate was the Instron servo-hydraulic Actuator. 
Mounted on the top Annular Ring and aligned by five adjusting 
bolts to be concentric with the axis of the Actuator's ram was 
the 150mm thick annular End Closure Plate of the Hyperbaric 
Pressure Chamber. 
The general arrangement of the Self Reacting Frame can be seen 
from the photograph in Fig 3.3. This clearly shows the raised 
lip of the high pressure "lip and groove" type seal machined 
onto the upper face of the End Closure Plate. While not 
originally intended to do so, the very close diametral fit 
between the raised lip and its associated groove in the mating 
face of the Hyperbaric Pressure Chamber did facilitate a high 
degree of concentricity between the forged branch at the crown 
of the Chamber and the vertical axis of the Frame. This 
feature was particularly important in setting up the 
Displacement Measurement Rig discussed in Section 3.6. 
3/2 
3.2.2 The Hyperbaric Pressure Chamber 
The Chamber, which had originally been purpose designed to 
undertake submarine research, had an approximately lm high 
parallel strake welded to a forged semi-ellipsoidal head which 
contained two access branches through which instrumentation 
hardware and signal cables could be passed. 
A general view of the Chamber is shown from the photograph in 
Fig 3.4. 
At the open end of the Chamber, a 150mm thick "weld neck" type 
body flange was welded, this mating with the flange on the Self 
Reacting Frame by means of 20 x 2" diameter stud bolts. 
Machined into the face of this flange was the groove into which 
a high pressure seal could be fitted. 
High pressure seals of the metal woven asbestos type were not 
used due to the vessel being, for the most part, only operating 
at less than 10% of its Safe Working Pressure. Compressed 
Asbestos Fibre gaskets (1.5mm thick) were used, these having 
proved very satisfactory in operation and cost only a fraction 
of the metal woven type. 
The 2000 psi (13.8N/mm2) working pressure of the chamber made 
it eminently suitable to conduct buckling studies as the 
rigidity of the vessel boundaries ensured that the compressive 
energy released from the water at the instant of failure caused 
minimal structural deformation to the shell. 
The head of the Chamber contained two forged set-in branches, 
one located directly in the crown of the head and the other 
off-set at an angle to the vertical axis, but tangential to the 
head. Into the opening of each branch a 2" BSP tapered thread 
had been machined. 
As the Chamber was to be lifted and transported about the 
laboratory by means of a specially designed rectangular lifting 
eye which had to locate into the crown branch, it was deemed 
that a tapered threaded hole did not lend itself to frequent 
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making and breaking of the connection. Adaptor pieces were 
designed and fitted into both branches using PTFE tape bound 
around the threads to ensure total pressure integrity . Whilst 
the torque to drive the taper thread of the adaptor home into 
their branches was substantial, the subsequent use of DOWTY 
seals between the contact faces of fittings with parallel 
threads meant that the same, if not greater, pressure integrity 
could be achieved with little more than hand torque. 
3.2.3 The Rig Actuator 
The Actuator selected for the Rig was an Instron 3309 Series 
Electro-Hydraulic 'Rig' type capable of + 500kN dynamic rating. 
This type of Actuator was fitted with hydrostatic bearings to 
facilitate for the unavoidable bending moments which could be 
induced into the Actuator from errors in axial alignment within 
the test rig. 
The Actuator had a fully controllable stroke of 250mm, this 
being configured electronically as + 125mm about its 'mean 
level' position. 
Mounted into the female thread in the Ram of the Actuator was a 
special adaptor onto which an Instron + 500 kN dynamically 
rated Loadcell was fitted. 
3.3 HYDRAULIC POWER PACKS AND MINI CONTROLLERS 
3.3.1 Hydraulic Power Packs 
The source of hydraulic power for the Hyperbaric Structural 
Testing Rig was an Instron 3411 series Power Pack which 
delivered 45 litres of oil per minute to the Actuator at a 
pressure of 250 bars through a 10 litre/min MOOG valve. 
A similar unit of 80 litres/minute delivery powered the 
Actuator on the + 250kN G. P. Testing Frame through two 45 
litres/min MOOG valves. 
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3.3.2 Mini Controllers 
Both the Hyperbaric Structural Testing Facility and the G. P. 
Testing Frame were independently controlled by means of an 
Instron mini-controller which incorporated POSITION, LOAD and 
STRAIN control modules. 
The "POSITION" control module, which also incorporated the 
servo amplifier control card, controlled the stroke of the 
actuator by means of an internal LVDT type of transducer 
located axially within the actuator Ram. 
The electrical output of the control modules was set at + 10.00 
Volts DC, this equating to + 125mm of Ram displacement on both 
actuators. 
As the maximum resolution of the LED display on the controller 
was 0.1% this meant that the minimum step increment the 
actuator could respond to was 0.1% of 125mm or 0.125mm. This 
resolution was clearly unsuitable to conduct experimental 
buckling studies on small scale thin walled models which, by 
analytical means, were predicted to collapse with an end 
shortening of only 0.001". 
Each controller was equipped with Ramp and Dynamic Function 
Generators which were capable of being "latched-in" or summed 
to the mean signal of the active control module. 
To achieve the necessary control resolution, the devices shown 
in Fig 3.5a & Fig 3.5b were designed which incorporated a+ 1mm 
LVDT type transducer wired into the "STRAIN" control module. 
When system control was transferred from the POSITION 
controller to the STRAIN controller, the resolution of the step 
change achieved by the actuator's Ram increased from 0.125mm to 
0.1ý of lmm or 0.001mm. The highly sensitive control of the 
actuator thus attained made it eminently suitable for 
conducting buckling/damage/repair strategy experiments on the 
size of model used in these experimental tests. 
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3.3.3 Instron Testing Frame 
An integral part of the Facility was an Instron 1343 Testing 
Frame which contained a+ 250kN Instron Actuator. The Frame 
and its associated Loadcell were rated at + 500kN dynamically, 
therefore the system was exceptionally rigid for general 
purpose materials testing. 
3.4 MODEL TESTING HARDWARE 
3.4.1 Model Mounting Plate 
To ensure that the test Models were located concentric with 
the longitudinal axis of the Actuator, and also perpendicular 
to it, a special Mounting Plate was designed. This plate was 
located on the flange of the Self Reacting Frame by means of a 
spigot and secured to it by a series of cap screws. 
Water integrity was achieved by the incorporation of an '0' 
ring seal into each face of the Mounting Plate. A sectional 
view of the Mounting Plate is shown by Fig 3.6. 
3.4.2 Loading Head Assembly 
The axial compressive load applied to the Model was transmitted 
from the Actuator Ram by means of the Loading Head Assembly 
shown in the diagram Fig 3.7. The assembly was designed to 
take a dynamic tensile load of 500kN. Essentially it 
comprised a Circular Loading Plate and a special Cap Coupling, 
compatible with the Instron Ram, connected by a Load 
Transmission Shaft. 
To accommodate the inevitable small errors in parallelism of 
the Models' location faces, the Circular Loading Plate was able 
to swivel on the Transmission Shaft by means of a Special Nut 
mated to a spherical faced washer located within the top 
housing. 
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Within this housing, the Spherical Nut and its associated 
Spherical seating could be reversed to enable the Loading Plate 
to rotate on the Spherical Nut. In this configuration, and 
with the Ram acting in the upwards, or "compressive" mode, it 
was possible to offset the downwards axial force on the Model 
caused by the applied hydrostatic pressure. In this way, and 
by ramping up in discreet pressure increments, it was possible 
to create a state of pure circumferential or lateral pressure 
loading on the Model devoid of any associated compressive down 
thrust caused by the applied pressure loading. 
3.5 STRAIN GAUGE INSTRUMENTATION HARDWARE 
3.5.1 Strain Gauge Wiring Glands 
In order to transfer the lead wires from inside the enclosed 
Pressure Chamber to the data logger six Wiring Glands were 
designed and manufactured. 
The design of the Gland can be seen in Fig 3.8. 
The gland consisted of a machined steel housing with a 3/4" BSP 
male connection on its rear face through which a 10mm diameter 
hole passed. 
In the front face of the Gland a recess had been bored out into 
whose rear face the groove for an "0" ring seal had been 
machined. 
Into this recessed landing a thick circular Tufnol disc had 
been inserted through which 20,6BA brass screwed rods passed. 
Each of the brass screwed rods had been drilled out at both 
ends and filled with solder to make minute solder pots for 
subsequent soldering operations. 
To retain the Tufnol disc against the "0" ring seal in the face 
of the landing a Clamping Plate, which retained axial 
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concentricity with the body of the Gland via a precision 
machined spigot, was inserted and held in situ by a ring of 20 
socket head cap screws. 
A series of 20 drilled holes through the Clamping Plate allowed 
the brass electrical contact rods to pass. 
To prevent the current passing through the contact rods 
shorting against the inside surface of the holes in the 
clamping plate, each rod was sheathed in a plastic tube. 
3.5.2 Strain Gauge Gland Manifold 
To accommodate the six strain gauge Glands, the Manifold shown 
by Fig 3.9 was designed and manufactured. 
Due to the limited access to the Pressure Chamber it was 
necessary for any ancillary hardware to be located radially 
about a central corepiece leaving its centre free for the 
insertion of the special lifting eye. Thus the steel Manifold 
had mounted to it on an equiangular pitch, 6 strain gauge 
Glands via 3/4" BSP female connections on its circumference. 
Into the top face of the Manifold a 2" BSP female tapped hole 
had been machined to accommodate the special Lifting Eye. 
Machined also into a slightly raised spigot on the top face was 
a groove for an '0' ring seal, this being the register face for 
either the LVDT Rotary Drive Housing or the central "system 
bleeding" Adaptor. 
In the bottom face of the Manifold a 2" BSP male connection had 
been machined which interfaced to the female connection in the 
Pressure Chambers central Adaptor. 
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3.5.3 Strain Gauge Wiring Looms 
In this series of experiments the strain gauges were connected 
into -Zlr bridge circuits using a four lead wire technique 
necessary because of the constant current excitation of the 
data logger. 
It was predicted that strain gauge surveys would regularly use 
in excess of 100 strain gauges therefore the housekeeping of 
some 400 wires/100 SG's required a managed approach. 
Wiring looms or harnesses were prepared, which after having one 
end hard wired into the Connector Cards of the data logger were 
run along standard cable racks to connection boxes, these being 
located at appropriate points on the rig. 
Each harness contained 10 PVC covered screened cables each of 
these in turn containing four PVC covered conductors comprising 
7x0.2mm2 individual copper wires. For neatness, each set of 
ten cables was gathered together using nylon spiral wrap cable 
fastening. 
3.6 THE SUBMERSIBLE DISPLACEMENT MEASURING DEVICE 
The submersible Displacement Measuring Device is shown in 
diagrammatic form in Fig 3.10. The main mechanical elements 
were a Rotating Cage Assembly, which registered on the OD of 
the Model Mounting Plate, a Rotary Pressure Seal and Drive 
Unit, an Indexing System and a Signal Transmission Gland which 
passed the signals from the displacement transducers installed 
within the Chamber to the external Data monitoring system. 
3.6.1 The Rotating Cage Assembly 
The Rotating Cage Assembly, shown installed within the Rig by 
Fig 3.11 consisted of an annular base ring into which were 
pressed and bolted three slender steel columns which supported 
an upper spider containing a central splined hub by means of 
which rotational drive was transmitted to the assembly. 
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The annular base ring was supported by three ball bearings 
which ran on the upper surface of the Model Mounting Plate. 
Rotational concentricity of the Cage with the external 
circumferential rim of the Mounting Plate was achieved by three 
adjustable cantilever type arms which incorporated a ball race 
at their outer ends. By adjusting these cantilevers via their 
drive screw it was possible to achieve the requirements of 
concentricity with desired circumferential grip on the external 
rim of the Mounting Plate. 
Fitted to the Cage Assembly was the Displacement Transducer 
Carrier. This consisted of two parallel silver steel rods 
which incorporated five housings, adjustable over the entire 
length of the rods, into which the transducers were mounted and 
individually secured by means of a grub screw. 
3.6.2 The Rotary Drive and Sealing Gland 
To transmit the rotary drive to the transducer Cage through the 
boundary of the Hyperbaric Chamber while under pressure the 
Rotary Drive and Sealing Gland shown diagrammatically by Fig 
3.12 was designed. 
The unit consisted of a precision machined cylindrical housing 
into which a ball bearing had been pressed. A machined shaft 
was then fitted with its lower step registering against the 
upper face of the installed bearing. A second bearing was then 
fitted to the upper end of the shaft and tapped home against 
its register. 
This arrangement provided the high degree of concentricity 
necessary along with minimal rotational resistance. 
A cap, through which the upper end of the drive shaft passed 
with minimal radial clearance, was fitted using the extended 
spigot in its lower face to ensure concentricity with the 
housing. The cap was secured to the housing by a series of cap 
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screws. Into the top surface of this cap and concentric with 
the shaft hole running through it, a drilled and reamed recess 
had been machined into which "Chevron" type packing seals were 
packed. The correct degree of compression exerted on the 
Chevron seals was controlled by the packing gland disc secured 
to the top surface of the cap by another ring of cap screws. 
To achieve the correct balance between the requirement to 
prevent any egress of water from the Chamber and the 
minimisation of "stiction" against rotation of the shaft caused 
by excessive compression of the Chevron seals some adjustment 
was necessary. 
To account for the inevitable small errors in the axial 
alignment of the splined hole in the hub of the Cage and the 
Rotary Drive device, two universal joints were incorporated 
into the drive shaft which connected the Rotary Drive Housing 
to the Cage. 
3.6.3 The Indexing Location Plate 
To ensure that after the Pressure Chamber had been bolted to 
the Reaction Frame it was possible to know precisely what 
position on the Model the transducer was measuring, and that 
after it had surveyed a section of the models circumference it 
returned to its point of origin, an indexing device was 
designed which operated in conjunction with a register fitted 
to the upper surface of the End Closure Plate on the Self 
Reacting Frame. 
An indexing device consisting of a circular plate which 
contained 120 off, 3mm holes drilled equiangularly on a 
constant PCD near to its rim was located on a spigot just proud 
of the face to which the gland packing plate had been bolted. 
This plate was secured to the cap by three set screws running 
in radial slots which permitted fine angular setting-up 
adjustments to be made. 
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A radius arm, onto which an indexing pin had been fitted at its 
free end to facilitate registering with the holes of the 
indexing plate, was secured to the drive shaft by means of two 
set screws. 
3.6.4 The Displacement Transducers and Their Mounting Gland 
The displacement transducers were of the LVDT type 
manufactured by RDP Limited. 
As manufactured, these transducers were normally only sealed at 
the transducer end by means of a waterproof tubular covering 
which had been expanded over the circular housing of the 
transducer and secured to it by means of a spring clamping 
ring. 
At the free cable end, to a special order, the body of an 
identical transducer from which all the internal coils had 
been removed was similarly sealed and clamped. 
Five of these modified ends were then screwed and finally 
cast in Araldite into a thick circular blank flange. 
Secured by twenty socket headed cap screws, this assembly 
gland was then located by means of a deep spigot in its base 
into a circular steel adaptor housing which incorporated an '0' 
ring seal at its mating face. 
Machined into the top face of the blank flange was a recess 
into which a circular Tufnal insert was secured. This 
insert contained two 'D' type female electrical connectors 
onto which the excitation and output wires of all five 
transducers were soldered. A mating plug transmitted these 
electrical signals via a multi core screened cable to the 
amplifiers of the LVDT control box. 
This arrangement is shown in diagrammatic form in Fig 3.13. 
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3.7 THE DAMAGE SIMULATION RIG 
The Damage Simulation Rig is shown mounted in-situ within the 
Instron 1343 testing frame by Fig 3.14. 
The Rig comprised of a base through which a crosshead runner 
passed. The base was fabricated from 100mm x 50mm rectangular 
steel hollow section. To ensure accurate perpendicular 
alignment of the indentor crosshead with respect to the 
longitudinal axis of the model, the guides were jig-bored and 
contained linear bearings at the top and bottom of the sleeve. 
The crosshead was fabricated from hollow sections with solid 
plugs welded to its ends through which machined holes were 
bored to locate the hardened precision ground steel shafts. 
The indentor bar was machined to the profile shown by Fig 3.15 
from tool steel to BS 4659 (1972) Grade B01. It was 
subsequently heat treated by oil quenching from 7800C to 8200C 
and tempered to between 200 to 250°C. 
3.8 STRAIN GAUGES AND ASSOCIATED CONSUMABLES 
3.8.1 Strain Gauges 
The strain gauges used in this thesis were manufactured by 
Micro-Measurements of Michigan. Two distinct types of strain 
gauges were used, these being designated by Micro-Measurements 
as EA and CEA. 
EA series gauges are a general purpose family of constantan 
strain gauges widely used in experimental stress analysis. The 
gauges are of open faced construction with a 0.03mm tough 
flexible polyimid film backing. The series are all temperature 
self compensating. 
CEA series gauges are similar to the EA series except that they 
are supplied with fully encapsulated grids and exposed copper 
coated integral solder tabs. The series are all temperature 
self compensating. Four main types of strain gauges were used 
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during the contract. 
CEA-06-062WT-120 : This strain gauge was a two element 900 
orthogonal stacked rosette and had a nominal resistance of 
120 ohms. The grid length was approximately 1.6mm long and 3mm 
wide. It was selected as first choice for general stress 
determination due to its moderate cost, ease of use and general 
robustness. It was the standard strain gauge used on material 
tensile specimens. 
CEA-06-062-UT-120: This was a single element foil identical in 
size and construction to that described above. 
EA-06-031CF-120: This strain gauge was a general purpose 
single element miniature type of 120 ohms nominal resistance. 
EA-06-031DE-120: This strain gauge was a general purpose 
single element miniature type of 120 ohms nominal resistance. 
The grid length was 0.79mm long and 0.81mm wide with the solder 
tab area etched into the foil along the longitudinal axis of 
the gauge so allowing the gauge to be mounted close to an edge 
or boundary. 
3.8.2 Strain Gauge Adhesive 
All strain gauges were bonded using M-BOND 200. This adhesive 
was a modified methyl-2-cyanoacrylate compound with the 
property of rapid curing at room temperature. 
3.9 SYSTEM PRESSURISATION EQUIPMENT AND PRESSURE MONITORING 
INSTRUMENTATION 
3.9.1 Pressurisation Pump 
Pressure was applied to the system via a metering pump 
manufactured by MPL Ltd. This pump had a variable stroke which 
could be controlled over 100 of its length so permitting very 
fine control of the system pressure. 
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3.9.2 Instrumentation 
System pressure was monitored by both electronic and analogue 
type pressure gauges. 
The analogue system utilised three "full-bridge" pressure 
transducers whose ranges were: - 
0- 150 lbf/in2 
0- 650 lbf/in2 
0- 2000 lbf/in2 
As each individual transducer/indicator system was only 
accurate to 0.2% of its range it was necessary to have this 
configuration to achieve the required accuracy over the whole 
system pressure range. 
The "tree" of three digital pressure gauges is shown by Fig 
3.16. 
To record the trace of pressure with respect to time or strain 
levels within the model, the signal conditioning box of each 
pressure gauge had an analogue 0- 12 Volt output which fed 
into both the "Orion" data logger and the Y- time paper trace 
plotter. 
As a master pressure reference a "standard" 0- 150psi 
"Bourdon" type gauge was installed in the "tree", which was 
capable of being detached via a quick release coupling. 
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4.0 MODEL MANUFACTURE AND DESIGN OF ASSOCIATED WELDING JIGGING, 
MEASUREMENT OF IMPERFECTIONS, IMPOSITION OF CONTROLLED DAMAGE TO 
MODEL UNDER CONTROLLED CONDITIONS AND MODEL REPAIR PROCEDURES 
4.1 HISTORICAL BASIS OF MANUFACTURE OF MODELS 
The Models used in this thesis, were manufactured by a 
facility set up by the author to maintain the supply of 
research models after the original manufacturer, RME Limited, 
ceased trading. The production concept had even earlier 
origins in University College London. 
Implicit to the acceptability of using small scale Models is 
that their geometric imperfections can be accurately measured 
and correlated with their full scale counterparts. Extensive 
use of precision jigging and tooling enabled these small scale 
Models to be manufactured with their geometrical tolerances in 
line with that found on their full scale counterparts in 
relevant design guidance documents. 
Previous work, using identical techniques for manufacture, had 
demonstrated that these Models could replicate to a high 
degree both the elastic and ultimate load carrying behaviour 
of the full size prototype. 
4.2 MODEL MATERIAL 
4.2.1 Material Procurement 
The Models were all fabricated from a billet of "dead mild" 
medium strength steel which had been procured specially for 
the whole series of experimental programmes undertaken at both 
the University of Surrey and Imperial College throughout the 
1980's. 
The billet had originally been cold rolled for UCL to special 
order, to provide 10ft lengths of high accuracy non standard 
gauges between 0.6mm to 1.2mm. 
In this "as rolled" condition, the material could not be 
regarded as "normal" but it did exhibit values of yield stress 
in the region of Grade 50 structural steel. 
350 N/mm2 
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4.2.2 Heat Treatment 
After Model manufacture, to remove the residual stresses 
caused by the TIG welding process, the shells were all heat 
treated in a gas fired furnace by a specialist company to the 
same thermal cycle. 
This cycle required that the Models be heated at a rate of 
l000C/hr to a temperature of 6500C, whereupon they were 
allowed to soak for another two hours at this temperature 
before being allowed to cool slowly in the furnace to 3500C 
thereafter being exposed to still ambient air. 
This heat treatment also removed the work hardening effect 
which resulted from the cold reduction process and returned 
the stress strain curve to its characteristic shape with a 
clearly defined yield point. 
The atmosphere of the furnace was not inert therefore 
oxidisation would cause scaling of the Models surfaces if the 
following measures had not been taken to prevent this 
happening. 
In the case of plain Models, whether single bay or multi-bay, 
this problem was obviated by "packing" the cans in a tub of 
sand before entering them into the furnace. 
With the orthogonally stiffened Models the manufacturing 
process required that the can assembly be encased in a heavy 
jacketed mandrel which, in addition to its prime function of 
maintaining the Models dimensional stability, also prevented 
oxidisation of its internal and external surfaces taking 
place. 
This procedure also imposed a degree of thermal inertia on the 
set-up to minimise local "hot spots" developing on the shells 
due to possible thermal gradients within the interior of the 
furnace caused by the gas jets. 
4.2.3 Material Testing Procedure 
The material properties of the steel used to fabricate the 
Models was obtained by testing coupon plates cut from each 
strip of plate. 
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Two sets of tensile specimens were machined from each coupon 
plate to the design shown by Fig 4.1. 
To determine if the material behaved in an isotropic manner, 
one set of specimens was machined with its grain parallel to 
the direction of tensile loading and the other set 
perpendicular to it. This latter case corresponded to the 
actual loading condition of the Model in which the materials 
grain direction was perpendicular to the direction of the 
axial compressive load on the model. 
To confirm the elastic constants E and Poissons ratio one 
specimen was strain gauged. 
A 250kN Instron 1343 Servo hydraulic system was used to test 
the tensile specimens. This machine was equipped with 
hydraulically powered clamps fitted with smooth faced jaws 
which enabled the specimens to be held at a constant pre- 
determined pressure of 30001bf/in2 throughout the test. 
To ensure that each specimen was aligned vertically, and in 
the same lateral position with the jaw faces of the hydraulic 
clamps, a special fixture was designed which registered 
against the top spigot of the lower clamp housing. 
The testing procedure conformed to BS18 : Part 3: 1971. 
The actuator was programmed to ramp at a constant rate of 
0.02mm/min. Due to the slow speed of the ramp it was not 
necessary to halt the ramp in order to record the strain 
gauges which were scanned automatically within 0.2 of a second 
at 20 second intervals by the Solartron Orion data logger. 
4.2.4 Material Mechanical Properties 
Prior to the heat treatment process the stress strain 
characteristic of the material, in the as rolled condition, 
did not exhibit a definite yield point but developed into a 
curve at the limit of proportionality which then transformed 
into a yield plateau of gradually increasing curvature. 
However, the result of the heat treatment process was to 
enable the material to regain a definite yield point prior to 
the development of a plateau at almost constant load. 
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Fig 4.2 shows the load displacement curves for two typical 
post heat treated specimens where the grain, which had 
resulted from the rolling process , was in the longitudinal 
and transverse direction of the tensile specimens longitudinal 
axis respectively. 
The corresponding stress strain distributions derived from the 
900 orthogonal strain gauge rosettes on the two specimens are 
shown by Fig 4.3a and Fig 4.3b respectively. 
The table of actual mechanical properties for the material 
used in the individual Models discussed in this thesis is 
presented in Appendix A. 
4.3 MODEL MANUFACTURE AND IMPERFECTION MEASUREMENT 
4.3.1 Methodology of Model Manufacture 
Prior to the manufacture of any Model, whether of simple or 
complex construction, a cutting schedule was prepared which 
identified from which part of the sheet each completed Model, 
element of a Model, or coupon plate had been cut. 
A typical cutting schedule is shown in Fig 4.4 from which two 
5 Bay, plain ring stiffened Models of the type used in this 
thesis could have been manufactured. The coupon plates from 
which the tensile specimens would be prepared are located at 
either end of the upper strip and denoted as NT1 and NT2. 
Welding by the Tungsten Inert Gas (TIG) process was the method 
chosen to fabricate the component parts of the Models. This 
process utilised a high frequency electric arc to be struck 
between a Tungsten electrode within the handgun and the Model 
(earth return) using an inert gas as the shielding medium to 
facilitate the ionization of the arc and to protect the 
electrode and weld pool from atmospheric contamination. The 
TIG process enabled the butt welding of sheet metal whose 
thickness was only 0.3mm to 0.4mm without the need of filler 
metal. In welding thicker metal the process also facilitates 
the use of filler metal in the form of copper coated MIG wire. 
The generation of heat in any welding process always has the 
potential of causing distortion problems if procedures are not 
implemented to minimise it. The manual procedure of TIG 
welding is in many ways similar to gas welding using the 
"FORWARD" method. In both cases, the torch is held in the 
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right hand, the filler material in the left. Also in both 
cases, the nozzle is aimed at an angle away from the weld 
point and one works towards the left. An important difference 
however, is the procedure of varying the length of the arc to 
control the amount of heat applied. In the case of TIG 
welding the procedure is, within certain limits, opposite to 
the one used in gas welding. The longer the arc between the 
electrode tip and the molten pool, the greater the voltage 
drop in the arc, and thereby, also the generation of heat. To 
a certain degree, therefore the amount of heat applied to the 
pool can be controlled by moving the electrode tip closer or 
further away from the weld point. 
To reduce the heat absorbed into the components to be welded 
extensive use was made of copper heat sinks within the 
alignment jigging these being clamped tightly against the 
components to be welded to draw the heat directly through the 
components and therefore offer a path of lower thermal 
resistance to the transfer of heat than by conduction along 
the components away from the point of weld. 
4.3.2 Design of Welding Jig and the Manufacture of the Can Elements 
Used in Both Plain and Multi-Bay Models 
4.3.2.1 Design of Mandrel Welding Jig 
The design of the mandrel used to form the can elements of the 
Model or Model assembly is shown by Fig 4.5. The mandrel had 
been manufactured from a length of thick walled seamless pipe, 
which after being annealed to relieve any residual stresses, 
had been subjected to a milling operation whereby a segment, 
running the full length of the mandrel, had been removed. 
Being in an annealed condition the tube retained its circular 
form and did not exhibit "springing". Into this groove, two 
flat-bar section flanges were inserted, these flanges being 
separated by a 10mm wide packing piece held in position by a 
series of set screws running the entire length of the flange. 
This assembly was then welded to the pipe. 
Diametrically opposite to this flanged joint a further groove 
was milled along the length of the external surface of the 
pipe, but this time to only half the pipes wall thickness. 
Into this groove a strip of copper was inserted and secured. 
In this condition the mandrel was then mounted in a turning 
lathe and its external diameter precision turned to 318.4mm in 
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diameter. 
Subsequent to this operation, each end of the pipe was then 
machined square to the pipes length and a location register 
turned into each of the end faces to facilitate the fitting of 
end plates which contained machined driving centres. 
This complex assembly was required, not just to ensure a high 
degree of circularity, but to enable removal of the can 
assembly after the welding of its longitudinal seam. Without 
the facility to remove the distance piece from the mandrels 
flanged joint and so reduce its diameter by drawing the flange 
faces together the welded assembly would have been virtually 
impossible to remove due to the binding actions between can 
and mandrel caused by the contraction of the Models 
longitudinal weld. 
4.3.2.2 Manufacture of Can Elements 
Plain unstiffened Models or the can elements of multi-bay ring 
stiffened Models, shared the same initial manufacturing 
procedures. 
After the length of plate had been guillotined to 1030mm it 
was formed circular by passing it through a set of rolls which 
gradually reduced its curvature until it approximated to 320mm 
diameter. 
The rolled element of plate was then wrapped by hand around a 
precision mandrel, the excess length "marked off" and then 
trimmed to size by a nibbling process. 
After the mating edges of the can had been dressed flush with 
each other the rolled element was then clamped around the 
mandrel using three modified "Jubilee" clips. 
In this condition a number of TIG spot welds, using filler 
wire, were laid along the clamped seam at 25mm intervals as a 
precursor for the full longitudinal seam weld being deposited. 
On completion of this operation the excess metal was removed 
from the weld bead by very careful linishing until the welded 
seam was flush with the adjacent parent metal. 
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Prior to the removal of the welded can from the mandrel, one 
of its edges was dressed off square to its length by a turning 
operation. This machined edge was then used as the register 
from which the length of the Model would be measured. In the 
case of a plain Model this dimension would include, not only 
the tan-to-tan length but could also include the additional 
lengths required to mount the can in its end ring boundary 
location. 
In the case of multi-bay models, the individual can elements 
were parted off and dressed square as shown in Fig 4.6. 
4.3.3 Design of Welding Jig and the Manufacture of Multi-Bay Models 
with Plain Circumferential Ring Stiffeners 
4.3.3.1 Design of Welding Jig 
The fabrication of a multi-bay Model required at least two of 
the can elements described in Section 4.3.2.2 to be 'T' butt 
welded to a ring stiffener of plain or rectangular cross- 
section. 
To accomplish this procedure it was 
the plain ring stiffener and the b 
onto a precision welding jig as shown 
of this jig allowed all four of its 
about the ring stiffener in a radial 
diameter. 
necessary to mount both 
vo adjacent can elements 
by Fig 4.7a. The design 
segments to be inserted 
direction from its inner 
Each segment was made from steel and had a 10mm thick 
rectangular section of copper swaged about its outer curved 
surface and secured to the steel segment by a number of socket 
head cap screws each recessed into the copper. 
Machined into each strip was a groove the dimensions of which 
were identical to the width and thickness of the ring 
stiffeners cross section. 
Once all four segments were in situ a circular core piece 
which had been precision turned with a slight taper on its 
external surface, was then inserted to mate with the inner 
curved surfaces of the four jig segments. By lightly tapping 
this core piece 'home' against its taper all four segments 
were caused to be tightly clamped against the inner surface of 
the can elements, so resulting in a high degree of circularity 
of the can assembly. 
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On completion of welding this design of jig so enabled it to 
be removed from about the ring stiffener by 'tapping out' the 
circular core piece this allowing each of the jig segments to 
be removed in a sequence of smallest pair first. A typical 
5 bay ring stiffened model manufactured by this technique is 
shown by Fig 4.7b. 
4.3.3.2 Manufacture of Multi-Bay Model 
The multi bay Models discussed in this thesis all consisted of 
5 bays separated by 4 plain (rectangular) section stiffening 
rings. Thus, each Model was a fabrication of four ring 
stiffeners and five cans, two of these being some 20mm longer 
in length than the other three to facilitate the fabricated 
can assembly being cast into its end plates. 
The cans were manufactured as described in Section 4.3.2.2. 
The circumferential ring stiffeners were machined by ganging 
at least four of the guillotined plates, shown by the cutting 
schedule in Fig 4.4, onto a backing plate which was then 
mounted in the chuck of a turning lathe. 
By using a trepanning procedure the excess material about the 
outer diameter of the ganged assembly of plates was removed to 
within 0.5mm of the final diameter. A second fine finishing 
cut then brought the external diameter to the required 
dimension of 319.6mm. 
By fitting a parting tool to the lathe and accurately indexing 
off the external surface of the circular plate assembly the 
rings were parted-off to the correct width. 
On completion of the machining operation each ring was de- 
burred to remove the rags from its inner and outer edges. 
Fabrication of the Model commenced by offering one of the 
'outer' can elements into the welding jig as described in the 
previous Section. 
Once locked rigidly in situ a series of 2mm diameter 'spot' 
tacks was deposited at the 'T' butt interface of the three 
components over the entire circumference at 20mm intervals. 
The tack welds were then developed into runs of weld by using 
copper coated MIG welding wire. 
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On completion of the weld the central core of the welding 
fixture shown by Fig 4.7a was then knocked-out to release the 
assembly. 
The assembly was then examined internally to ensure that the 
T-butt weld had achieved full penetration, this being clearly 
evidenced by the minute bead of weld metal at each of the 
interfaces of the top and bottom faces of the ring stiffener 
and the adjacent can elements. 
The whole procedure was repeated for each of the other three 
ring stiffeners until the whole Model had been fabricated. 
While the four weld beads on the outer circumferential surface 
of the Model were small, they still lay proud of the surface 
of the adjacent two bays and therefore required to be made 
flush by linishing with a belt sander. This operation 
required to be done with great care so as not to damage the 
surfaces of the adjacent cans and so reduce their thickness 
locally to below the rolled dimension of 0.6mm. 
On completion of the linishing process the fabricated shell 
assembly was then placed inside a heavy steel tub as a 
precursor to the heat treatment process. Once placed in the 
tub the assembly was then packed with sand about both its 
internal and external surfaces ensuring that the degree of 
sand compaction was constant throughout the tub. When the 
shell had been totally submerged in the sand, a further 2" of 
sand was placed on the top to match the initial level of sand 
at the bottom of the tub prior to the start of the packing 
process. 
On return from being head treated the shell was removed from 
its tub and cleaned before being given a light coating of 
spindle oil about both its internal and external surfaces. 
The assembly was then mounted on a surface plate, which had 
previously had a sheet of 600 Grade wet and dry paper bonded 
to it, and the bottom edge of the lowest can element oil 
lapped by hand. When this process had been completed the 
height and parallelism of the shell assembly was checked by 
vernier height gauge before turning the assembly over to lap 
the other leading edge. The completed shell assembly shown by 
Fig 4.7b was then mounted into its pair of Mounting Rings as 
described in Section 4.3.5. 
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While the Models described in this Section were limited to 5 
bays, the methodology was capable of being applied to 
configurations of greater bay numbers or indeed bay lengths. 
4.3.4 Design of Welding Jigs and the Manufacture of Orthogonally 
Stiffened Models 
4.3.4.1 Design of Welding Jigs 
4.3.4.1(a) Longitudinal Stringer Bay Heat Sinks 
A key feature of the welding jigging associated with the 
multi-bay plain ring stiffened Models discussed previously was 
that it was designed in such a manner that after removal of a 
central core piece the remainder of the jigging could collapse 
radially inwards into the centre of the fabricated shell to 
facilitate removal. 
With the longitudinal stringer stiffeners of the orthogonally 
stiffened Model, this feature was not possible as the radial 
tapering inwards of the stiffeners essentially trapped the 
copper heat sinks between the stringers thus preventing them 
from falling radially inwards as shown by Fig 4.8. 
This feature was only a problem with the longitudinal 
stringers of the middle bay as the copper heat sinks of the 
upper and lower bays could be removed from their potential 
entrapment by being withdrawn longitudinally at each end as 
shown in Fig 4.9. 
The solution to the problem of withdrawing the copper heat 
sinks of the middle bay was to design into the tapered heat 
sink a middle rectangular core which could be withdrawn, as 
shown by Fig 4.10, thus allowing the adjacent tapered elements 
of the copper sinks to collapse inwards facilitating removal. 
Steel shims were inserted between the adjacent faces of the 
copper heat sink elements to obviate their adjacent faces 
sweating themselves together during the subsequent heat 
treatment operation. 
4.3.4.1(b) Cage Welding Jig 
To facilitate the production of the fillet welds between each 
stringer stiffener and the lower face of the upper ring 
stiffener and the upper face of the lower ring stiffener the 
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welding jig shown by Fig 4.11 was designed. 
The jig comprised of a central 
key-way groove had been milled 
steel key fitted and secured. 
steel tubular core into which a 
along its entire length and a 
Onto this tubular spine three steel annular discs were located 
by means of a female key-way milled longitudinally through an 
integral sleeve sufficiently long to provide the disk with 
lateral stability on the shaft as well as give a smooth 
sliding motion. This feature was necessary in order to 
incorporate a degree of flexibility into the jig in order that 
different configurations of Model (bay height) could be 
accommodated using the one jig. 
Onto the outer circumferential rim of the upper two discs a 
rectangular copper bar had been swaged, dowelled and finish 
turned to the lower and upper faces of the top and middle 
discs respectively. 
All these discs had been slotted at 90 intervals, as discussed 
previously, to be longitudinally coincident with each other. 
The dimensions of the slot were that to accommodate the 
stringer stiffener. 
4.3.4.1(c) Main Welding Jig 
The main welding jig consisted of a thick walled tubular steel 
mandrel into whose recessed, precision machined ends, heavy 
circular end plates were located and secured as shown by 
Fig 4.12. 
Both end plates had conical driving centres machined into 
their outer faces to facilitate being accurately set up in a 
turning lathe for the final parting off operation. 
The external face of the mandrel was not circular but 
consisted of a series of 40 flats running the full length of 
the mandrel each being equal to a 90 sector of the 
circumference. These flats were to facilitate the mounting 
and alignment of the three sets of 40 copper heat sinks to the 
surface of the mandrel by a series of location pins and 
recessed socket headed screws. 
The detailed design of the copper heat sinks used in the 
middle bay has been discussed previously in this Section. 
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4.3.4.2 Manufacture of Orthogonally Stiffened Model 
The 40 bay, 3 tier orthogonally stiffened Model represents the 
current "state of the art" in the manufacture of small scale 
all-welded steel fabrications. 
While the design technology and production techniques exist to 
fabricate such Models incorporating T section ring stiffeners 
with plain section longitudinal stringer stiffeners, to date 
only Models with plain section ring and stringer stiffeners 
have been manufactured. 
Notwithstanding the very considerable labour costs involved in 
the manufacture of an orthogonally stiffened Model, the cost 
of tooling required to extend the complexity of Models still 
further, has for all intent and purposes, precluded these 
Models ever being commissioned. 
Unlike the cans for plain or multi-bay Models, where the can 
was rolled from a single strip of steel plate, the cans for 
each of the three bays of the orthogonally stiffened models 
was fabricated from 40 small rectangular curved plates or 
platelets by TIG welding. 
While for practical purposes the overall shape of the Model 
would have been acceptably circular had it been manufactured 
by welding 40 individual flat plates, this degree of roundness 
would certainly not have been acceptable for experimental 
programmes such as described in this thesis particularly when 
the errors in roundness were to be within the guidelines given 
by Classification Societies such as DnV. 
The circumferential ring stiffeners were manufactured in 
exactly the same was as described in Section 4.3.3 except that 
after their edges had been deburred and dressed they were 
mounted, in pairs, to a jig located in the dividing head of a 
horizontal milling machine. 
Using the indexing ring of the dividing head to rotate the jig 
assembly round in 90 intervals, the table of the milling 
machine was advanced towards a slotting cutter which machined 
a series of grooves in the pair of stiffening rings. 
On removal from the slotting jig each ring stiffener was 
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carefully deburred and dressed to remove all traces of rags 
from the newly machined edges. 
The stringer stiffeners were guillotined from the sheet steel 
plate in such a way that their longitudinal axis coincided 
with the grain direction of the rolled plate. 
Each strip was guillotined sufficiently wide to prevent 
excessive curvature of the strip developing due to cropping. 
The strip elements were then placed into a clamping jig and 
gang milled to dress one face off as square. On removal from 
the jig, the strips were deburred before being reloaded into 
another jig and tapped flush with a hide mallet before being 
clamped in situ. 
A further gang milling operation reduced the stringer 
elements to the required height. On removal from the jig the 
machined edges were again deburred and dressed. 
The manufacturing procedure for the platelets commenced in 
exactly the same manner as described in Section 4.3.2 for the 
plain Models, in that a strip of steel was rolled after being 
guillotined with approximately 1mm finishing allowance left at 
each side. 
This rolled strip was then marked off with a scriber into 
curved segments, whose width, after being cut with a hand saw 
would be sufficient to allow a similar 1mm finishing allowance 
on each side of the platelets width. 
To ensure that the opposing faces of each platelet were both 
parallel and square to each other, two designs of platelet 
filing jig were manufactured to accommodate both the middle 
and outer bay platelet lengths. 
As these platelets had to locate exactly between the adjacent 
longitudinal stringer stiffeners and at least one of the two 
circumferential ring stiffeners they had to be finished square 
to very close limits and with their edges fine finished by 
draw-filing with very smooth grained files. 
The first stage in the fabrication phase of Model manufacture 
was to form a cage from the 40 longitudinal stiffeners and the 
2 circumferential ring stiffeners. Onto this cage at a later 
stage of the fabrication process, the 120 individual platelets 
of the skin would be welded. 
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The all-welded design of the Model required that at each joint 
of the stringer stiffener and ring stiffener four fillet welds 
be present along the entire width of the stringer stiffener as 
shown in Fig 4.13. 
Assembly of the cage commenced by setting the height of the 
middle disc from the bottom disc. This height was not 
critical as the length of the stingers was sufficient to 
protrude some 20mm longer than the filed length of the bottom 
set of curved platelets. 
One of the circumferential ring stiffeners was then located to 
the upper face of the middle disc via a machined spigot on its 
upper face. The slots of the ring stiffener were aligned with 
those on the disc. 
On the workbench adjacent to the jig assembly, the second 
circumferential ring stiffener was located to the upper disc 
in an identical fashion to its mate except that it was 
retained in position by a number of small clips. 
The middle disc was then aligned via its key-way onto the 
shaft of the jig and lowered (ring stiffener facing downwards) 
towards its setting mark. 
The relative height between the upper face of the ring 
stiffener on the middle disc and the lower face of its mate on 
the upper disc was vital, as it was into this opening that the 
middle set of 40 curved platelets had to fit exactly prior to 
being welded. 
The 40 longitudinal stringer stiffeners were then offered, 
firstly, into the slots of the bottom disc and then 
progressively into the middle and upper discs. 
Once all forty stringer stiffeners had been located in their 
slots the welding process was able to begin. 
Using a TIG gun and a length of copper coated steel MIG filler 
wire, a run of fillet weld was deposited sequentially to each 
side of the stringer stiffeners where they interfaced with the 
ring stiffener over its entire contact line. 
With the jig inverted, to facilitate ease of welding, this 
process was repeated for the second circumferential ring 
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stiffener. 
On completion of the welding process, a hollow bay had been 
formed consisting of two adjacent stringer stiffeners and the 
upper and lower ring stiffeners as shown in Fig 4.14. 
It was not possible using this jig to complete the remaining 
two of the series of four fillet welds necessary to ensure 
that each stringer stiffener was fully welded to the ring 
stiffener. This procedure was accomplished using a second 
welding jig. 
Removal of the upper disc then facilitated removal of the 
fabricated cage from the slots of the middle and lower discs. 
In this fabricated condition the cage was very vulnerable to 
collapse due to the highly stressed state of the 160 fillet 
welds securing it together. 
The cage was then mounted onto the main welding jig. It was 
on this jig that all 120 curved platelets would be welded as 
well as the "second pair" of fillet welds securing the 
stringer stiffeners to the ring stiffener. 
The assembly of the copper heat sinks to the mandrel began 
with the middle bay, these being wedged and secured between 
pairs of adjacent longitudinal stiffeners by means of location 
pins and recessed cap screws. As stated previously, steel 
shims were inserted between the adjacent faces of the 3 
element copper heat sinks to prevent "sweating" together of 
the copper interfaces during the subsequent heat treatment 
process. 
This procedure was repeated for the two adjacent bays except 
that the copper heat sinks were loaded longitudinally from 
each end of the models free ends due to their wedge shaped 
profile preventing them being located radially. Unlike their 
middle bay counterparts they were not individually secured to 
the mandrel but were collectively restrained by two specially 
designed circlips. This arrangement was necessary to permit 
the copper elements to be locally withdrawn some 25mm to 
facilitate the laying down of the two TIG fillet welds on the 
"outer" faces of the longitudinal stringer stiffener/ 
circumferential ring stiffener interface of the cage. 
On completion of the last of the forty pairs of fillet welds, 
both outer sets of heat sinks were secured to the mandrel as 
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previously indicated. The assembly was then ready to have the 
3 sets of curved platelets, which would locate between the 
internal faces of adjacent stringer stiffeners and at least 
one circumferential ring stiffener, commence the welding 
procedure. 
While the purpose of the copper heat sinks was to provide 
rapid conduction of the heat generated by the fusion of the 
TIG welding process into the general mass of the steel 
mandrel, considerable time was expended in developing a 
sequence of welding the 3 sets of 40 curved platelets which 
balanced out the residual stress effects within the shell. 
By a combination of experience and trial and error, the 
welding sequence found most suitable (i. e. it never resulted 
in a failure) was to lay in the 3 platelets of one 
longitudinal bay at each of the 4 quarter points of the 
assemblies circumference and secure them in situ by tack welds 
at their mid panel lengths and thereafter at 10mm pitch around 
their boundaries. 
This procedure commenced from the middle bay platelet followed 
in sequence by the outer pair of platelets. 
During this process it was vital that the recessed cap screws 
which held the copper heat sink elements in situ were removed 
prior to welding as there was no way to remove them (or even 
detect where they were) after the platelets had been tack 
welded in situ. 
On completion of tack welding a longitudinal bay, a clamping 
bar was secured to previously tapped holes at each end of the 
mandrel to restrain that bay against any radially outward 
movement that may be induced from the further heat of the 
welding process. The design of this bar facilitated that the 
middle bay platelet was clamped prior to the adjacent two bays 
being restrained. 
Once the clamping bar was in situ, the 
the platelets to their adjacent 
interfaces commenced. This was done 
welds to approximately 25mm long runs 
of the mid panel and working outwards. 
longitudinal welding of 
longitudinal stringer 
by increasing the tack 
starting at the centre 
Moving in the same direction this procedure was repeated at 
each of previously designated quarter points to the adjacent 
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four bays until 20 bays, representing 50% of the Models 
circumference, had been clamped and welded. 
The same procedure was repeated for the remaining 20 bays, 
only this time the clamping bar used on bays 6,16,26 and 36 
was removed from bays 1,11,21 and 31 respectively. 
On completion of all the longitudinal weld runs the weld beads 
in the region of the circumferential ring stiffeners were 
dressed-off to be flush with the external surface of the Model 
shell. This operation was necessary to facilitate the fitting 
of two "circumferential" welding clamps to restrain the shell 
from any radial movement at the ring stiffener during the 
welding process. 
The welding of the circumferential ring stiffeners was carried 
out in a similar fashion as described previously i. e. tack 
welding the centre of the plates to the ring stiffener and 
then gradually moving around the circumference of the shell 
from four initial quarter point positions. 
The final operation prior to heat treatment was to dress all 
the weld beads flush with the shell. This was a highly 
delicate operation as the shell was only 0.6mm thick and great 
care had to be exerted to ensure that no "thin zones" occurred 
on the shell which would cause the model to fail prematurely 
under experimental conditions. 
To prevent minute bulges developing on the bay panels 
(platelets) during the heat treatment operation, the whole 
Model assembly still mounted on its mandrel, was enclosed in a 
very heavy cylindrical steel jacket. 
This jacket incorporated two pairs of longitudinal flanges 
orientated at 00 and 1800 to each other to enable its two 
halves to be drawn together tightly about the Model assembly. 
To prevent the external surface of the Model's shell being 
damaged from the internal surface of the clamping jig, the 
Model assembly was wrapped in a sheet of thin shim steel which 
had been cut to fit exactly between the slightly differing 
diameters of Model and jacket. 
The Model was then heat treated not only to relieve the 
stresses induced by the welding process but also to regain the 
sheet materials characteristic stress/strain curve which had 
4/17 
been "lost" during the cold reduction process at the rolling 
mill. 
After the Model assemblies return from the heat treatment 
specialists it was found prudent to immerse the whole 
assembly in a tub of diesel oil to facilitate ease of 
dismantling, not only of the jacket but eventually the 200 
copper heat sink elements and 80 shell shims contained within 
the mandrel assembly. 
On release from the heat treatment jacket the whole mandrel 
assembly was mounted in a turning lathe and the exact length 
of the upper and lower bays marked off on the shell before the 
excess material at each end was removed by parting-off. This 
machining operation ensured that the top and bottom faces of 
the Model were not only parallel to each other but 
perpendicular to the length of the Model. 
When the Model had been released from all its associated 
jigging the excess material from both ends of the 40 stringer 
stiffeners was carefully removed. This part of the procedure 
had not been possible during the "parting-off" operation. 
The final phase of Model manufacture was to hand lap the ends 
of the Model on a surface table. 
The Model, as manufactured and prior to being cast into its 
end plates is shown by Fig 4.15. 
4.3.5 Manufacture of the Models End Rings and the Mounting of Them 
to the Fabricated Shell 
The design of the end rings which provided the boundary 
conditions for the Model are shown by Fig 4.16a and Fig 4.16b 
respectively. 
The mechanical design of the end rings required that in 
addition to providing encased boundary conditions to the shell 
they also provided parallel location faces for both the "0" 
ring seal of the Model Mounting Plate and the seal of the 
Loading Head Assembly. 
Each end ring was manufactured 
to enable it to be recycled by 
times. 
from plate sufficiently thick 
re-machining its faces many 
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The end rings were manufactured as matching pairs and stamped 
accordingly. 
As manufactured, the end rings were turned 
some 370mm in external diameter whose 280mm 
turned to provide a close sliding fit with 
Model Mounting Plate. This arrangement 
Model was located in axial alignment with tl 
the testing frame. 
from steel annuli 
bore was precision 
the spigot of the 
ensured that the 
ýe vertical axis of 
Both upper and lower faces of the end rings were fine turned 
to achieve a high level of parallelism between each other. 
On a 355mm PCD, 12 off 8mm diameter recessed clearance holes 
were drilled to secure the upper and lower rings to the 
Loading Head Assembly and Model Mounting Plate respectively. 
Into the upper face of each ring a deep profiled groove was 
turned. At the bottom of this groove a 318.6mm diameter face 
was precision cut some 2mm high. Against this face the 
external surface of the Model shell was registered pending 
being cast in situ. 
The medium used to cast the shells to the end rings was fine 
grained silver sand within a matrix of two part epoxy resin. 
Prior to the casting, the bottom 40mm of the shell and the 
grooves of the end rings required to be thoroughly degreased 
with Inhibisol to remove any surface contaminants which would 
reduce the strength of the bond between the epoxy mixture and 
its steel interfaces. 
The shell was then placed in position against its register on 
the bottom end ring. 
The top end ring was then similarly located taking care to 
ensure that both sets of location holes were axially 
coincident with each other. 
Screwed clamping rods were then dropped through 3 of these 
holes equiangularly and tightened sufficiently to ensure that 
no relative movement took place between the two interfaces but 
not so tight as to impose unwanted local compressive loads on 
the shell. 
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The machined parallelism of the end rings and the lapped faces 
of the shell meant that the assembly retained a very high 
degree of parallelism. 
By mounting the clamped assembly on precision ground blocks on 
a surface table and running a clock gauge across the upper 
face of the top end ring, any deviations could be measured and 
noted. 
Clamping the Model together also ensured that during the 
compaction of the sand/epoxy resin into the groove of the end 
ring no "hydrostatic lift" of the Model could occur where 
minute amounts of sand and resin could be trapped between the 
lapped bottom face of the shell and the mating face of the end 
ring. 
After mixing the epoxy resin and adding the sand to it, the 
"recipe" was then thoroughly mixed to ensure total 
homogeneity. 
The mixture was then trowelled into the groove taking great 
care that it was fully compacted at the bottom of the groove 
and then gradually worked up to the top surface of the end 
ring. By noting the quantities of sand and epoxy resin used 
to cast a shell it was possible to adjust the mixture 
quantities to such an extent that no excess material was 
left. 
Resin thinners was then used to dress the upper surface of the 
end ring clean. 
After allowing 12 hours for the resin mixture to harden and 
partially cure, the shell assembly was then upturned and the 
procedure repeated. 
After both ends had been cast and cleaned the Model was then 
replaced on the surface table and the parallelism of its end 
plates checked. 
If the out-of-parallelism was in excess of 0.05mm then the 
upper face of the top end ring would be skimmed to bring it 
back within tolerance. 
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4.3.6 Measurement of Manufacturing Imperfections 
Subsequent to being heat treated and mounted in their end 
rings each Model was surveyed to ensure that the radial 
imperfections of manufacture were within Code Tolerances. 
This procedure was carried out by mounting the Model on a 
powered turntable which was driven past a vertical stand 
containing an LVDT type displacement transducer. 
The turntable, which ran on a precision bearing specially 
procured for this purpose, received its final rotation by way 
of a worm reduction gear which was in turn driven by a Kopp 
variable speed reduction unit. This arrangement enabled the 
rotation of the table to be adjusted to very small but 
constant linear peripheral velocities. 
Within the stand, the fixture containing the displacement 
transducer was also able to be raised and lowered relative to 
the upper face of the Model's bottom end ring by means of a 
power driven leadscrew. 
The surveying procedure began by setting the height of the 
transducer at the required height above the datum and then 
allowing the table to rotate whilst making minute adjustments 
to the peripheral velocity of the turntable. 
When the desired velocity had been attained the Orion Data 
Logger was triggered as the Model touched the 00 line, the 
measured radial imperfections thereafter being logged 
automatically at 10 intervals. 
The recorded deformations were then processed statistically 
and compared to the best fit geometry of the shell. 
The results of the processing are shown in Appendix B for all 
twelve Models, these tables showing the comparison between the 
measured deformations from the best fit shell and the 
corresponding allowable values specified by DnV. 
Taking C7 as an example, it may be seen that the ratio of the 
maximum measured out of straightness, i. e. along a generator, 
is only 0.5761 that of the DnV allowable value, and the 
corresponding value for the local out out of roundness is 
0.5234. 
4/21 
Included in the results are examples of tables of Fourier 
coefficients which, when entered into the expression below 
MITX 
wo = (AMN COS NO + BMN Slit NO) $ltl-- L 
allow for the full reproduction of the imperfection shape. 
On Model Cl the most dominant imperfection modes could be 
determined with the aid of the diagrams shown by Fig 4.17. 
In this case for Fourier coefficients A, the mode was M=1 and 
N=2. 
Similarly, for coefficient B this was M=1 and N=4. These 
dominant imperfection modes are summarised for all the Models 
in the table below. 
Dominant 
Im erfection Mode 
A B 
MODEL 
M N M N 
Cl 1 2 1 4 
C2 1 5 1 4 
C3 1 9 1 2 
C4 1 2 1 2 
C5 1 3 1 4 
C6 2 4 1 2 
C9 1 2 1 2 
ClO 1 3 1 2 
C11 1 4 2 6 
C12 1 4 2 3 
C7 3 0 1,2 3 
C8 1 2 1 2 
Quantitative representations of the imperfection measurements 
or fabrication defects within the shell are shown in Fig 4.18 
by the six isometric graphical projections these being 
generated by computer. 
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4.4 IMPOSITION OF DAMAGE TO MODEL 
4.4.1 Damage Simulation Procedure 
The simulation of damage to the Models was conducted under 
controlled conditions using the indentation device described 
in the previous chapter. 
The operation was performed within the Instron 1343 frame 
which incorporated the 
_+250kN 
Actuator. The indentation 
fixture, mounted in situ on the actuator rams lower hydraulic 
grip, is shown in Fig 3.14. Shown in the lower Left Hand 
corner of the photograph is the externally mounted LVDT type 
transducer used to control the procedure. 
In addition to its system control function, the output signal 
from the LVDT was routed to the Instron controllers internal 
XY chart recorder to give a trace of ram displacement vs 
loadcell output. 
Such was the combined rigidity of both the frame of the 
testing machine and the indentation rig to that of the Model's 
shell, the displacement of the control transducer was found to 
be identical to the depth of indentation on the shell. 
To ensure that the damage was imposed at exactly the correct 
elevation on the shell's external surface it was necessary to 
transfer this elevation from the internal surface using either 
the upper surface of an adjacent ring stiffener as a datum or 
in the case of a plain shell the upper face of the Model's 
lower end ring. This procedure was carried out on a surface 
table using a vernier height gauge. While important at all 
times, this operation was critical where the damage was to be 
imposed through the centre of a stiffener in ring stiffened 
shells. 
When the Model had been accurately located in the fixture with 
respect to the centre line of the indentor block, the strain 
gauges, where fitted, were zero balanced and a set of datum 
readings recorded. 
The Instron actuator was then activated, ramping at the 
prescribed rate under the control of the external LVDT 
transducer. This form of loading was essentially quasi- 
static. 
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By monitoring the path of the load vs displacement on the 
chart recorder, the actuator run was terminated after the 
signs of non linearity showed the shell was being strained 
plastically. The direction of the actuator ramp was then 
reversed until the Model was unloaded. The depth of the 
residual dent in the shell could then be observed and measured 
by the movement of the new displacement origin at zero load 
from the original datum. This cycle of loading and unloading 
was repeated until the prescribed depth of dent was attained. 
This procedure enabled a comprehensive picture of residual 
strain within the shell at various dent depths to be achieved. 
Where strain gauges were fitted to the shell they would have 
been monitored during both ramps of the indentation cycle. 
4.5 MODEL REPAIR PROCEDURES 
4.5.1 Patch Repair Procedure 
The patch used to repair the Model was cut from the undamaged 
region of a previously tested Model. This ensured that it 
possessed both the same curvature as the recipient Model in 
addition to also having been exposed to the same heat 
treatment cycle. 
The length of the patch was sufficient to span not only the 
dent of the damaged region but also the slight peaks which 
occur at the extremities of the dent. 
As it was required to determine the principle stresses in the 
patch at its mid-spans, it was necessary to strain gauge and 
wire the patch on its internal surface prior to being welded. 
To facilitate removal of the strain gauge lead wires it was 
necessary to drill a 2mm diameter hole in the damaged zone of 
the parent shell prior to the commencement of welding. 
The repair patch was offered to the damaged area and secured 
to it by means of a series of tack (spot) welds about its 
boundaries on approximately a 10mm pitch. 
The nature of the welded repair was to lay down a continuous 
fillet weld around the boundaries of the patch starting at the 
mid spans of the patch and working out towards the corners. 
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As with all TIG welding of thin steel sheet it was necessary 
to refit elements of the copper faced jigging in order to draw 
away the resulting heat induced by the welding process and so 
minimise distortion of the shell. 
The Model, in its repaired state, was not heat treated to 
relieve the induced stresses at the boundaries of the repair 
plate. 
4.5.2 Prop or Strut Repair Procedure 
The material from which the props or struts were machined was 
normal MS bar. 
Both props were finish machined on a surface grinder from the 
same length of bar to ensure dimensional consistency. 
As surface grinding was known to alter the material properties 
at the contact surfaces the specimen was subjected to a 
normalisation cycle to relieve any surface stress effect. 
The props were cut to size using a hand saw. 
As the effect of imposing the dent had extended over the whole 
height of the shell, even in proximity to the end rings with 
their relatively infinite circumferential stiffness it was 
necessary to blend the contact surface of the prop to the 
profile of the shell by hand using files. 
The repair props were then offered to the Model and given a 
single tack weld top and bottom in order that their vertical 
alignment could be checked. A series of spot welds was then 
applied to each prop to anchor it in situ. Each end of the 
prop was then continuously fillet welded about all its side 
and top contact surfaces. 
No heat treatment or normalising process was carried out on 
the repaired Model. 
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4.5.3 "Untied Circumferential 'T' Section Curved Beam Repair 
Procedure 
This procedure consisted of machining a 'T' section curved 
beam and attaching it by continuous fillet welds to the 
external surface of the Model this being coincident with the 
damaged internal plain section ring stiffener. 
The internal radius of the 'T' section beam was equal to the 
external radius of the shell, therefore the only points of 
contact between it and the damaged shell were at the two 
points of fixity adjacent to the extremities of the dent. 
The design of the 'T' section repair beam required that it 
retained the same CSA as its plane counterpart this resulting 
in an increased I value of 80%. The curved beams were 
manufactured initially as complete annular rings from a steel 
tube off-cut which had been previously normalised. 
Each machined ring produced two 'T' section curved beams 
Because the volume of material removed from the tube during 
the machining process was not high and that it had been 
previously normalised, little "springing" of the ring was 
evident when the complete ring was sawn through to make the 
two curved members. 
Due to the two peaks which existed in the shell immediately 
adjacent to the extremities of the dent, it was necessary to 
hand-fit the web of each curved repair beam to the local 
profile of the shell. 
The arc subtended by the curved beam extended some distance 
past these peak regions to ensure that the welded points of 
fixity would be on undeformed regions of the shell. 
With the copper heat sink in position within the Model, each 
repair beam was, in turn, offered to its appropriate location 
on the shell and tack welded at its extremities to the shell. 
After confirmation that the centre line of the repair beam was 
coincident with that of its damaged internal counterpart, each 
repair beam was spot welded in situ prior to having continuous 
runs of fillet weld deposited along the upper and lower faces 
of the web where it interfaced to the shell. 
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The rate at which the fillet weld was deposited was such as to 
minimise the occurrence of distortion resulting from one side 
of the web welds pulling more than the other. 
No heat treatment or normalising process was carried out on 
the repaired Model. 
4.5.4 "Tied" Circumferential 'T' Section Curved Beam 
Repair Procedure 
This procedure was a modification of that described previously 
in Section 4.5.3 insofar as after the curved repair beams had 
been manufactured rectangular section tie-bars were welded to 
them in such a way that the longitudinal axis of a pair of 
tie-bars was coincident with the centre line of the repair 
beam's web. 
The tie bars pairs, for there could be up to three per repair 
beam, were secured to the upper and lower edges of the repair 
beams flanges by a run of TIG fillet weld. 
Once welded to the repair beam, the length of each tie bar was 
carefully measured and its end face hand filed to suit the 
required mating profile of the shell. 
The assembly of the curved repair beam and its integral pairs 
of tie bars was then offered to the shell as discussed 
previously except that on this occasion the initial alignment 
tack welds included the tie bars. 
The welding of the assembly followed along the lines described 
previously except that the tie bars were secured to the shell 
by runs of fillet weld along each of their upper and lower 
faces. 
Again, no heat treatment or normalising process was carried 
out on the repaired Model. 
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5.0 EXPERIMENTAL SETTING UP AND TEST OPERATING PROCEDURES 
5.1 EXPERIMENTAL SETTING UP PROCEDURE 
While the Structural Testing Rig was capable of conducting 
pure axial compression tests on the Model, the majority of 
these tests were conducted as part of a "combined loading" 
experimental programme which did necessitate the fitting of 
the Hyperbaric Pressure Chamber to the Rig. For the sake of 
brevity the Setting Up Procedure will focus primarily on that 
where the Hyperbaric Pressure Chamber was fitted. 
The setting up procedure commenced by cleaning out the groove 
on the upper surface of the Model Mounting Plate, and fitting 
an "0" ring seal to it. 
The test Model was then lifted into position, aligned via the 
spigot on the Mounting Plate, and secured to it by means of a 
series of 12 off, 8mm diameter cap screws. 
The Loading Head Assembly with its internal spherical seating 
and nut arranged as in Fig 3.7 was then lowered by means of 
the overhead crane, through the central core of the Model 
until the internal diameter of the Model End Ring registered 
with the location spigot of the Loading Head Assembly. 
To prevent the "0" ring seal which located into the groove in 
the bottom face of the Loading Head Assembly from falling out 
during this process, it was found necessary to liberally smear 
the groove with waterproof grease. 
The Loading Head Assembly was then secured to the upper flange 
of the Model by a further set of 12 cap screws. 
The Rotating Cage Assembly of the Displacement Measuring 
Device was then lowered about the Model and its three roller 
guides/supports adjusted to give concentric rotation about the 
Models vertical axis. 
The Hyperbaric Pressure Chamber was then lifted into position 
immediately over the entire experimental assembly and gently 
lowered onto 5 tubular struts which supported it some 20" 
above the top face of the Rig's Annular Flange as shown by 
Fig 5.1. These struts provided valuable working access to the 
Model and while they were designed to support the weight of 
the Pressure Chamber it was always operational practice to 
retain the hook of the overhead crane within the rectangular 
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Lifting Eye while working below the Chamber. 
The body of the Displacement Transducer Mounting Gland was 
then located via its 2" BSP male parallel thread to the 
Adaptor in the offset branch in the head of the Pressure 
Chamber. Pressure integrity between the faces of the Gland 
and the Adaptor was achieved by means of a Dowty seal. 
The five LVDT type Displacement Transducers and their signal 
cables were then passed into the body of the Pressure Chamber 
via the central access hole of the Gland Body until the face 
of the Gland Cap registered against the "0" ring seal mounted 
in the face of the Gland body as shown by Fig 3.13. 
The five transducers were then located in their mountings 
within the Rotating Cage Assembly and adjusted for elevation 
against the shell of the Model. The transducers were also 
aligned radially, care being taken that they were on the 
"zero" point of their stroke which, if they had been set up 
with an electronic bias, need not necessarily have been at 
their geometric mid stroke. 
The lead wires for the strain gauges mounted on the internal 
surface of the Model were then passed down through the central 
access hole of the Annular Flange to be connected by way of 
their own wiring plugs to the X6 - way connection box, thence 
to the back of the Orion Data Logger by way of the cables of 
the Rigs main wiring looms. 
The Orion, previously programmed to accept quarter bridge 
circuits with internal temperature compensation was then 
"Initialised" to check for balance and stability of output. 
The lead wires for the Models externally mounted strain gauges 
were then drawn radially outwards and allowed to cascade 
downwards over the edge of the Annular Flange. 
With the previous operations completed, further "hand access" 
below the Pressure Chamber was not required. 
The hook of the overhead crane was then removed and the 
lifting eye withdrawn to facilitate access to the female 
thread of the Crown Adaptor. 
From this point onwards, working access below the Pressure 
Chamber should not have been necessary. 
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The Strain Gauge Manifold was then screwed into the Crown 
Adaptor and torqued secure against its Dowty seal. 
The tedious process of drawing each pair of strain gauge lead 
wires up from inside the Pressure Chamber through the central 
opening in the Manifold could now commence. 
From a position of standing on the upper surface of the body 
flange of the Pressure Chamber, the lead wires were hand 
"fished" for by a 6ft long 10 SWG wire with a loop bent at its 
lower end. The lead wires, lying outside the "hazard area" 
were tied to the eye of the wire and drawn up through the 
central opening of the Manifold in a predetermined order until 
they lay in groups or sub-groups of 10 about the top of the 
vessel. 
The groups of 10 pairs of lead wires were then redirected back 
into the Manifold and out radially through one of the six 
Strain Gauge Gland location holes in its circumference. 
The Strain Gauge Wiring Glands were then offered up to their 
group of 10 lead wires, and keeping the lead wires stationary, 
the Glands were then screwed into their locations on the 
Manifold against their respective Dowty seals. 
The end of each individual lead wire, which had as part of the 
Strain Gauge wiring procedure been previously stripped, 
twisted, tinned and cut to length, was then soldered into the 
minute solder pot at the end of each brass screwed rod in the 
Circular Gland Disc of the Wiring Gland. 
The pin locations on the reverse side of this Gland Disc had 
been numbered to facilitate the housekeeping necessary to 
ensure that no mismatch or crosswiring of Strain Gauges took 
place. 
On completion of each 10 pairs of connections the Gland Disc 
was offered back into its recessed Housing against its "0" 
ring seal. 
The Gland Disc Clamping Plate was then offered back into 
position and secured to the Housing by a set of cap screws. 
Each brass terminal pin of the Gland Disc then had a plastic 
sleeve slid over it to obviate the pin shorting electrically 
against the body of the Gland. 
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When all the necessary Glands had been fitted, the stripped 
and tinned wire ends of the rigs main looms or harnesses were 
connected to the appropriate brass terminal pins of the Strain 
Gauge Gland. 
In an identical manner as before, the strain gauges were 
programmed and initialised by the Orion Data Logger to confirm 
the accuracy of the wiring connections. 
It was general practice at this stage to let the Orion pulse 
the entire strain gauge configuration for at least an hour to 
give sufficient time for any "dry joints" in the soldered 
connections to make their effect noticeable. 
On completion of this soaking phase the lifting eye was then 
refitted to its screwed location at the centre of the Strain 
Gauge Manifold and the Pressure Chamber raised by the overhead 
crane to facilitate removal of the five tubular props. 
The Pressure Chamber was then lowered onto four wooden blocks 
mounted on the surface of the annular flange while the crane 
hook was disengaged from the Lifting Eye pending a chain block 
being fitted between the crane hook and Lifting Eye. 
The fitting of the chain block was necessary as the overhead 
crane did not incorporate a "slow downward" or "inching" 
facility which was essential to achieve the correct alignment 
of the groove in the bottom face of the Pressure Chambers main 
body flange with the raised spigot on the Rigs Annular Flange. 
To have risked lowering the Chamber without using the chain 
block would have risked damaging the spigot of the vessels 
sealing arrangement. 
Once the Pressure Chamber had been lowered into position it 
was secured to its mating Annular Flange on the testing rig by 
means of a series of 20 off 2" diameter x 18" long steel 
studs. 
The chain block and Lifting Eye were then removed from the 
vessel in preparation for the Rotary Drive and Sealing Gland 
Unit to be installed in its place in the Strain Gauge 
Manifold. 
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This unit, which had previously had the correct length of 
drive shaft inserted for the model to be tested, was directed 
through the hole of the Strain Gauge Manifold taking good care 
not to snag any of the strain gauge lead wires therein. As 
the male splined shaft contacted the hub of the Rotary Cage it 
was rotated back and forward gently until the splined shaft 
engaged with the hub. 
After initial engagement, the shaft was held stationary 
against rotation and the body of the Unit screwed home into 
the female thread of the Strain Gauge Manifold relative to it. 
Again, a Dowty seal was used at the interface between the two 
devi ces. 
The shaft of the Rotary Drive unit was then rotated against 
the internal cage stop within the Pressure Chamber and the 
rotary indexing disc fitted along with the shaft's driving 
lever. 
The final act of the setting up procedure was to recheck that 
the instrumentation was functioning properly and that the 
Orion was receiving signals from the strain gauges, the 
displacement transducers and also the analogue outputs from 
both the array of digital pressure gauges monitoring the 
system pressure and the Instron Controller. 
5.2 TEST OPERATING PROCEDURES 
Pressure Tests fall into two main categories, "collapse or 
failure tests" where the intended aim is to cause failure of 
the pressure envelope and therefore determine an absolute 
limit of the system, or "proof load" tests where failure is 
not expected to happen and the main aim is to establish an 
upper limit of operation whereby after the vessel or structure 
has "shaken-down" it will thereafter operate fully elastically 
at a slightly lower operating or working pressure. 
The most favoured medium with which to carry out the former 
type of test is a fluid, the most common used being water but 
in particular circumstances oil may also be used. 
The reason for choosing a fluid is none other than safety as 
due to its relative incompressibility the stored energy 
available for release in the event of a failure is small. 
This is certainly not the case with compressed air. 
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In earlier test programmes conducted within the Facility, 
water was always used as the testing medium as essentially 
with a buckling study the mode and form of failure are as 
important to ascertain as the parameters of collapse pressure 
and axial load. The incompressibility of water combined with 
the high rigidity of the boundary of the Pressure Chamber 
meant that immediately after collapse the volume of 
deformation imposed on the shell due to the expansion of the 
water was small, as the shell found an equilibrium point at a 
reduced pressure. This practice continued even when the 
external surface of shell was strain gauged and necessitated 
careful waterproofing of the strain gauges and also insulation 
of the lead wires and their termination points. 
With the development of experimental programmes into 
investigating the efficacy of different repair approaches, 
with the structural repair members on the external surface of 
the shell, it became apparent that when combined with the 
requirement to extract ever more instrumentation data from the 
model and its repair members that using water as the testing 
medium, with its necessity to waterproof the internal wiring, 
had distinct practical limitations. 
For a number of tests, mainly those considered in this thesis, 
air was chosen as the testing medium but this required the 
test operating procedures to be re-thought. This was not just 
to restrict the failure mode deformation to the shell, but to 
prevent at collapse the uncontrolled release of the compressed 
air within the Pressure Chamber to the immediate vicinity of 
the Laboratory. 
In reality, using compressed air simulated the real life 
failure condition very accurately, as at collapse the infinite 
mass of the oceans would keep the external pressure constant 
and therefore the shell would deform into a quite 
unidentifiable mass. 
5.2.1 Hydrostatic Test Using Water With No Instrumentation 
For this test the Strain Gauge Manifold and Rotary Drive 
Sealing Gland described previously were not used but were 
replaced by the two manifolds and their ball valves shown in 
Fig 3.2. 
The Pressure Chamber was filled with water by way of a long 
thin tubular steel dip pipe which passed through the Crown 
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Adaptor in the vessels head and rested on the face of the Rigs 
Annular Flange adjacent to the Model Mounting Plate. 
Water was pumped into the system from two holding tanks which 
used water recycled from previous tests to ensure that it 
retained the same ambient temperature as the laboratory. 
When the water level rose to just below the top face of the 
Crown and Offset Adaptors, the Manifolds shown in Fig 3.2, 
with their ball release valves open were screwed on against 
their respective Dowty seals. 
The hose from the Metering Pump was then connected via a quick 
release coupling to the Offset Adaptor. 
With the pump stroke set to 100% the pump was then switched 
on. As the water level rose the ball valve of each Adaptor 
was sequentially closed after all traces of air had been 
purged from the system. 
A set of pressure readings were logged by the Orion and the 
trace of the X-Time recorder checked for operation. 
The stroke of the pressurising metering pump was then re- 
adjusted to a more moderate rate of flow and switched on. 
The test proceeded with the trace from the pen recorder being 
continually monitored for signs of distress within the 
Pressure Chamber. 
At the instant of collapse the pen trace dropped sharply 
downwards as a dull thud emanated from within the Chamber. 
The pressure trace would not normally return to zero but 
would, if the pump was not switched off, recover itself at 
this lower pressure before beginning to increase again, until 
at a pressure lower than the first collapse pressure, a 
secondary failure would occur in a similar fashion to the 
first. 
This effect was purely artificial, as in reality the shell 
would have collapsed totally after the initial failure. 
On recovery of the Model from the Rig, a number of buckles 
would be observed about its circumference, many of these being 
the result of the "secondary" collapses after the initial one. 
These effects were first observed during a programme of 
experiments for DnV. 
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5.2.2 Hydrostatic Test Using Water and with Limited (10 0FF) 
Strain Gauge Instrumentation 
This test operating procedure followed that described in 
Section 5.2.1 except that appropriate action was required to 
transfer the internal strain gauge lead wires to the outside 
of the chamber and also to insulate the soldered end 
terminations of the internal lead wires. 
The initial part of this problem was overcome by the use of 
the "prototype" Strain Gauge Gland shown fitted to the Off-Set 
Adaptor in Fig 3.2. 
To overcome the problem of insulating the soldered 
terminations on the "wet" side of the Gland Disc, use was made 
of the insulating properties of transformer oil. 
The Pressure Chamber was filled with water as previously 
described except that as the water level began to rise up the 
bore of the Crown Adaptor the filling was terminated. 
The Crown Manifold was then screwed into the Adaptor with its 
ball type stop valve open. 
Transformer oil was then poured down through the top of each 
ball valve into its respective Manifold until it just began to 
overflow from both valves. 
The bleed screw in the Strain Gauge Gland was then removed to 
vent any trapped air from within its body. 
Both Manifolds were again topped up with transformer oil to 
compensate for the volume of air vented from the Strain Gauge 
Gland. 
The pressurisation hose from the metering pump was then bled 
of air before being allowed to fill with water against its own 
internal non-return connection. 
The hose was then secured to its "quick release"coupling 
mounted on the Off-Set Manifold. 
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The Metering Pump was then activated and as the level of 
transformer oil within the Manifolds began to spill over their 
sides the ball valves on each were closed and the test 
commenced. 
While it was possible for the Orion to scan and log the strain 
gauges without having to halt the pressurisation process, it 
was usual to advance the test in discreet step intervals to 
facilitate scrutiny of the data. 
5.2.3 Axial Compression Test 
(With/Without Instrumentation) 
It was stated previously that most axial compression tests on 
the models were carried out with the Pressure Chamber fitted 
as part of a programme of elastic tests. The testing 
procedure described here is independent of whether the 
Pressure Chamber was fitted or not, or indeed whether 
instrumentation was fitted or not. 
With the Instron Hydraulic Power Pack and its associated 
controller switched on and allowed to attain its normal 
operating conditions, the ram of the actuator was driven 
upwards in POSITION control until it raised the shaft of the 
Loading Head Assembly off its spherical cup seating by a few 
mm's. 
The LOAD control module was then null balanced with its 
internal safety trips set to dump the hydraulics at 10 kN in 
case of an expected load excursion. 
Control was then transferred from the POSITION module to the 
LOAD module this causing the ram to move downwards taking up 
the slack between the spherical cap and its seating until the 
programmed transfer load of 2 kN had been attained. 
With all the system slack removed the Control Reaction Arm, 
mounted to the top face of the Instron Loadcell was rotated 
below the LVDT transducer control device this having been 
previously adjusted to be at its electronic mid-stroke 
position as shown by Fig 3.5. 
The STRAIN control module was then null balanced to match the 
LOAD control module and control transferred. As stated 
previously the STRAIN module had been configured to identify 
an LVDT transducer and therefore was operating as a 
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DISPLACEMENT controller whose stroke was lmm about the zero 
axis. 
To prevent undue deformation to the shell on collapse, 
displacement trips were set to dump the system hydraulics when 
the actuator ram moved more than 1mm downwards from its 
current "mean-level" position. 
A signal from the Ramp Function Generator was then 
electronically added to the "mean" signal, this resulting in 
the actuator ram moving downwards at a predetermined 
controlled rate. The signal of the RFG could be interrupted 
by means of a "HOLD" button to enable strain gauge readings to 
be either taken or scrutinised. 
The onset of model collapse could usually be predicted from 
the trace of LOAD against STRAIN, as monitored by the XY 
recorder of the Instron Controller, when the trace became 
visibly non-linear. In other instances the first indication 
of shell collapse was the systems hydraulics cutting out to 
reveal a deformed zone of shell confirming that failure had 
indeed occurred. 
5.2.4 Combined Loading Test 
(With/Without Instrumentation) 
The loading arrangement of this type of experiment was what 
the facility had originally been purpose designed to 
investigate and was the most complex to set up and control, 
particularly the pure lateral pressure test where the 
downthrust of the hydrostatic pressure was removed 
incrementally during the application of the hydrostatic 
pressure. 
The application of thin walled shell theory to a cylindrical 
shell subjected to hydrostatic pressure gives the ratio of 
membrane stress as follows: - 
Circumferential Membrane Stress 
Longitudinal Membrane Stress = 2.0 
The result of considering the effect of "top-weight" on this 
ratio would be to cause it to reduce as the top-weight 
increased. 
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By pre-determining the stress ratio required it was possible 
to ramp up a particular line in discreet step increments so 
ensuring that the exact ratio of circumferential membrane 
stress was maintained constant throughout the loading 
sequence. 
When this ratio was required to be greater than two, that is, 
when only a portion of the hydrostatic downthrust was applied 
to the model, the internal spherical seating and its 
associated nut within the Loading Head Assembly were required 
to be reversed in position in order for it to "float" on its 
seating when reacting against the downwards thrust. In this 
configuration it was possible to ramp up a line whereby the 
entire hydrostatic downthrust was removed so giving the 
condition of "pure" lateral external pressure. 
This test procedure followed similar lines to that described 
in the previous three Sections, except that to achieve the 
required "step" ramping sequence, two operators were 
necessary, one to control the rate of increase of the system 
pressure and the other to operate the ramp function generator 
of the Instron Controller providing the load. 
5.2.5 Testing with Compressed Air (Hydrostatic or Combined Loading) 
With Strain Gauges and Displacement Transducers 
As introduced in Section 5.1, the increasing quantity of data 
requiring to be extracted from within the pressure chamber 
while under test, coupled to the practical difficulties of 
waterproofing and insulating the associated electrical wiring, 
necessitated a radical reappraisal into the testing procedure 
whereby water was used as the pressurising medium. 
For all tests discussed in this thesis, excepting those on 
Models D1 and D2 discussed in Chapter 2, air was used as the 
pressurising medium. This eliminated all problems associated 
with insulating the electrical wiring of the instrumentation. 
However, the use of compressed air as the pressurising medium 
was not without its problems or potential hazards. Whereas 
water, by its high bulk modulus resulted in minimum 
"volume 
release" to cause deformation to the model at collapse and so 
facilitated detailed examination of the mode of collapse, air 
by virtue of its compressability would remain at the same 
pressure after even the most catastrophic volume decrease of 
the shell. With water, the internal system pressure would 
rapidly reduce to a minimum value after collapse and a single 
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"mm" of model end-shortening would result in the displacement 
trips of the Instron Controller cutting the hydraulics to the 
actuator so virtually unloading the model. 
A totally different scenario prevailed using compressed air. 
With air, the situation just after collapse was that, as 
before, the end shortening of the model caused the controller 
to cut the hydraulics to the actuator. Whereas with water as 
the pressurising medium, the volume change to the shell caused 
the system pressure to drop to such a level as to be able to 
be adequately supported by the collapsed shell, with air the 
system pressure remained constant on the Model at its pre- 
collapse level. With a system pressure of 0.5N/mm2 acting, 
the downthrust on the Model was slightly in excess of 40kN. 
With the system hydraulics inactive, this force was more than 
capable of driving the Loading Head Assembly, connected by the 
lower Cap Coupling to the Ram of the Actuator, rapidly 
downwards into the body of the Actuator and against its end 
stops. Such a load excursion had the potential to cause 
extensive damage to the internal workings of the Actuator. To 
obviate this situation supports were fitted between the bottom 
face of the Loadcell and the top face of the Actuator body, so 
acting as a restraint against uncontrolled downwards movement. 
However, the situation of the system pressure remaining 
constant about the circumference of the shell still existed. 
Under this circumstance the shell could continue to collapse 
further radially inwards until the deformation was so great 
that the shell was drawn from its sand/Araldite boundary with 
catastrophic results. The results of such a circumstance is 
shown by Fig 8.180 and Fig 8.181 which show the resulting 
damage to the Model after it had sustained a boundary failure 
some minutes after the termination of the test after collapse. 
Resulting from this particular incident, after collapse, the 
air was vented rapidly from the system via dump valves. 
5/12 
40 
"/ 
"1 
" 
cd 
_ D 
"1 Qý 
O 
cý 
E 
öý 
li 
lk t -E U aý 
- Uä 
1 
p 
O 
L 
J 
6.0 PRELIMINARY TESTING PROGRAMME TO UNDERSTAND THE MECHANICS OF THE 
DENTED REGION OF A PLAIN CYLINDRICAL MODEL WHEN SUBJECTED TO 
APPLIED LOAD AND TO INVESTIGATE THE EFFICACY OF TWO DIFFERENT REPAIR 
APPROACHES TO THE REPAIR OF THE MODEL 
6.1 SUMMARY OF CHAPTER 
As a precursor to the main experimental programme, discussed 
in Chapters 7,8, and 9a pilot series of three exploratory 
tests was carried out using plain unstiffened models. 
Two of the models formed a sub-series of tests within the 
overall programme and investigated the behaviour of the shell 
in its "as dented" condition , and also after one of them had 
been repaired by means of a pair of external struts or 
columns. 
The third model investigated an alternative repair approach 
using a curved patch to cover the damaged zone. 
All the models, after having been subjected to a series of 
elastic tests, were tested to collapse under combined loading 
conditions. 
6.2 METHODOLOGY OF THE APPROACH TO THE PRELIMINARY 
TESTING PROGRAMME 
A general view of a typical model of this type cast into its 
end rings is shown by Fig 6.1. 
These models, denoted as Cl, C2 and C3 had the dimensions and 
geometric parameters shown by Fig 6.2. 
The methodology of testing required that each of the shells be 
subjected to imposed damage at their mid height to a depth of 
4nm which approximated to seven times the shell thickness of 
Models Cl and C2 and five times the shell thickness of 
Model C3. 
6.2.1 Model Cl 
Model Cl investigated, in detail, by means of strain gauges, 
the effect on the distribution of longitudinal and 
circumferential stress in and about the damaged zone of the 
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shell under hydrostatic and axial compressive loading 
conditions within the elastic range. Thereafter it was 
subjected to a test to failure under combined loading 
conditions. In this test, after undergoing a hydrostatic ramp 
to a pressure of 0.4N/mm2 an axial compressive load was then 
applied progressively until failure occurred. 
The collapse test parameters of hydrostatic pressure and axial 
compressive load then set a bench mark to assess the 
effectiveness of the subsequent repair approach. 
6.2.2 Model C2 
Model C2, after having been subjected to the damage imposition 
procedure was subsequently repaired before undergoing its 
testing programme. 
The approach taken to repair this shell was technically the 
most simple to adopt in that two columns or struts were welded 
to the shell each equidistant about the vertical centre line of 
the dent. 
In the real life case, the columns need not be welded (the 
manual metallic arc or MMA process would be the only practical 
method) but could be bolted using either conventional or 
explosive techniques. 
A primary objective of this test was to determine if the fillet 
welds which secured the two repair columns to the shell of the 
model could have transferred through them, by the "shear-lag" 
effect, that portion of the axial compressive load which 
previous experimental work had shown the damaged region of the 
shell to be totally incapable of sustaining. 
To this end, no attempt was made to optimise the design of the 
columns by using a section which had a high L/R ratio and may 
have required to be tied to the adjacent shell for support or 
stability. If the principle of the repair approach using 
columns could be demonstrated then existing structural data was 
more than capable of producing an elegant detailed design. 
As the result of the "shear-lag" effect at the welded interface 
would be to impose a bending moment throughout the length of 
the column from both its upper and lower points of fixity, the 
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stress distribution across the section of the column would not 
be purely "direct" compressive but have a BM superposed to it 
resulting in an increase in compressive stress at the inside 
face of the column and a similar reduction at its outer face. 
The approach taken to designing the repair columns was to adopt 
an "area-for area" method whereby the CSA of the material 
replaced by the columns was equivalent to that considered 
ineffective in the shell. 
This concept, while not directly applicable to this case is 
used by both the ASME Division 8 and BS 5000 Pressure Vessel 
Design Codes to recover the membrane strength of the shell 
locally when it has had an opening cut into it. 
To this end, the estimated width of the damage affected zone, 
determined from the strain gauge results of the tests on 
Model C1, was used to calculate the "lost" shell area. Thus 
the dimensions of each square repair column was approximated 
by: - 
x=Lxt where L is the ineffective width of 
2 the shell and t is the shell thickness 
and this gave :x=5.5mm 
Subsequent to being repaired the model underwent a series of 
tests, within the elastic limit, which investigated the 
effectiveness of the repair under both hydrostatic pressure and 
axial compressive loading conditions. 
Thereafter it was subjected to a test to failure under combined 
loading conditions to determine if the repair approach had 
raised the collapse loading parameters above that determined 
from the benchmark set by Model Cl. 
6.2.3 MODEL C3 
The approach taken to affect a repair on Model C3 was markedly 
different from that attempted on Model C2. 
In this approach, a plate or patch, which extended over the 
whole damaged area was located against the outer surface of the 
shell and fillet welded to it. 
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Unlike the models tested in this series, an actual fabricated 
shell would not be rolled from a continuous sheet with a single 
longitudinal or circumferential butt weld at the seam. Each 
strake of the actual shell would be an assembly of rolled 
plates, butt welded to each other at their longitudinal seams 
to form the complete cylindrical strake. 
This mini fabrication would conform to the imperfection 
tolerances set by the various Classification Authorities Design 
Rules. 
Structurally the most satisfactory method of repair would be to 
burn out the entire damaged area of the shell and then replace 
it with a curved steel sheet "spare part", which when butt 
welded in situ to the rest of the structure formed a stepless 
path for the membrane stresses to pass through. 
For the repair approach simulated by this test, with the fillet 
welded patch covering the entire damaged area, the key point of 
interest was to determine how both the longitudinal and 
circumferential membrane stresses would divide at the welded 
interface of the patch to parent shell. 
Also of interest was the magnitude of the bending stresses 
introduced into the repair patch due to the shear-lag effect at 
its welded boundaries. 
In an undamaged shell, or at some distance from the dented zone 
of a damaged one, the only circumferential bending stresses 
would be. those resulting from either the shell changing its 
curvature under the action of external lateral pressure or the 
Poisson's effect resulting from axial loading. 
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6.3 TEST REPORT FOR MODEL Cl 
6.3.1 Model Instrumentation 
This model was extensively strain gauged on both the internal 
and external surfaces of the shell prior to denting. The 
strain gauge type selected for this purpose was a 900 
orthogonal rosette type CEA-06-062WT-120 manufactured by Micro- 
Measurements. 
The strain gauges, shown by the layout in Fig 6.3, were 
arranged on a3x4 grid. Previous work had shown that it was 
only necessary to instrument one quarter of the dent due to the 
high degree of behavioural symmetry which these shells 
exhibited about their vertical and horizontal axis. The grid 
nature of this layout was to provide information on the rates 
at which both the longitudinal and circumferential membrane and 
bending stress effects changed in both the vertical and 
circumferential directions from position No 1 which was located 
5mm offset from the mid height of the shell and coincident with 
the vertical centre line of the dent. 
6.3.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the dent was imposed at the mid height of the 
shell in eight successive applications of the indenter, each 
increment being applied at a constant rate of 2.5mm/min until a 
residual dent of 4.1mm depth had been formed as shown by 
Fig 6.4. 
The general form of this trace was non-linear with a steadily 
increasing slope, the only region of linearity being up to an 
applied load of 0.25kN which resulted in the shell being 
penetrated 0.8mm or 1.3 times the shell thickness. This level 
of radial penetration resulted in a 0.2mm deep residual dent 
being formed in the shell. 
At an applied load level of 1.75kN on the sixth indentation 
cycle the trace of the load became erratic, this effect being 
repeated during the subsequent seventh and eight cycles. This 
effect was found to be due to a localised and limited breakdown 
of the sand/Araldite matrix which was used to cast the model 
into its end rings. 
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The trace of the applied load to residual depth is shown by 
Fig 6.5. 
A general view of the deformation to the external surface of 
the model resulting from a 4.1mm residual penetration to the 
shell is shown by Fig 6.6. A more detailed view of the 
deformation in the vicinity of the instrumented quadrant of the 
dent is shown by Fig 6.7. 
6.3.3 Description of Elastic Test Under Hydrostatic Pressure 
The model was installed within the Hyperbaric Rig and its 
instrumentation connected and initialised as discussed in 
Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.034N/mm2 up to 
0.24N/mm2, and thereafter at 0.255N/mm2, the needle valve was 
closed to permit the strain gauges to be logged. 
After depressurisation many of the strain gauges did not return 
to their zero datums indicating that shakedown had occurred at 
some regions of the dent so locking in some level of residual 
strain. 
The results of the elastic test under hydrostatic pressure are 
presented by Fig 6.8 to Fig 6.31 
6.3.4 Description of Elastic Test Under Axial Compressive Loading 
This test was conducted immediately after the previous test 
under hydrostatic loading. Due to the residual strain levels 
which were present on many of the strain gauges, the system 
instrumentation was re-initialised to return the datums to 
zero. 
The actuator, which had previously been connected to the 
loading head assembly under position control conditions, was 
transferred to load control with a demand signal of M. 
The axial compressive ramp to 45kN then commenced in 2.5kN 
intervals in order that the strain gauges could be monitored. 
As with the previous elastic test many of the strain gauges did 
not return to their zero datum. 
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The results of the elastic test under axial compressive loading 
are presented by Fig 6.32 to Fig 6.55. 
6.3.5 Description of Collapse Test 
Due to the shakedown which had occurred within the shell at the 
dented region, the strain gauges were reinitialised to return 
their datums to zero. 
The test commenced by opening a valve and allowing air to enter 
the system via a differential pressure valve set to close when 
the system pressure attained 0.26N/mm2 above atmospheric. 
During this phase of the test data was recorded at 0.034N/mm2 
intervals until 0.2N/mm2, thereafter at the system holding 
pressure at 0.26N/mm2. 
On attaining the holding pressure, the axial compressive phase 
of the test began by transferring from "position" to "load" 
control with a demand signal for a lkN compressive load. A set 
of strain gauge data was recorded at this position. The axial 
compressive ramp then commenced with data being recorded at 5kN 
intervals until 20kN. During the subsequent ramp upwards, it 
became apparent from the digital monitor of the Orion data 
logger that a number of the strain gauges had exceeded the 
materials yield level significantly, therefore, after a set of 
data had been recorded at 24kN the test was terminated by 
reversing the compressive ramp and depressurising the system. 
To determine if there was an obvious reason for the strain 
gauges to behave in the manner that they did, the pressure 
vessel was raised above the rig to facilitate a visible 
inspection of the model. This operation revealed that the 
crease of the dented zone had deformed into an oval shaped 
buckle with identical buckles having formed to one side of the 
dent, these extending half way round the circumference of the 
shell. 
A decision was then taken not to recommence the test as it was 
considered that with this form and level of deformation, 
complete structural collapse would have been imminent. 
The results of the collapse test, both photographic and 
graphical, are shown in Fig 6.56 to Fig 6.70. 
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This test was therefore considered to be terminated when an 
axial compressive load of 24kN, which had been applied to the 
model while being subjected to a hydrostatic pressure of 0.26N/ 
mm2, caused an unacceptably high level of deformation to the 
shell. As the pressurising medium was compressed air and the 
compressive load was applied under "load control" conditions it 
cannot be said that the shell failed in the structural sense, 
as up to the point of test termination no uncontrolled end 
shortening of the model occurred. 
The trace of hydrostatic pressure and axial compressive load 
are shown by Fig 6.56 and Fig 6.57 respectively. 
On removal from the testing rig, the model was photographed to 
record the mode into which the shell had deformed. This 
photograph, shown by Fig 6.58, indicated that a number of oval 
buckles had formed around the circumference of the shell. The 
width of these buckles was approximately equal to the length of 
the dent crease, this feature being coincident with a number of 
similar tests on damaged shells of widely varying L/R and D/t 
ratios. The radially inward displacement of the shell at the 
centre of the buckle was 0.6mm which was equal to the shell 
thickness. 
The longitudinal and circumferential membrane stress 
distributions at positions No 1 to No 4, these being located 
coincident with the vertical centre line of the dent are shown 
by Fig 6.59 to Fig 6.62 respectively. 
During the hydrostatic phase of the test the distribution of 
longitudinal membrane stress, shown by Fig 6.59 were all 
tensile in nature, confirming the stretching effect that was 
present within the panel at the centre of the dent under the 
action of the external lateral pressure effects. The 
subsequent application of the axial compressive load, shown by 
Fig 6.60, did not have any significant effect on the stress 
distributions at any of the four positions, these remaining 
almost constant at the previous system holding pressure level 
of 0.26N/mm2 excepting for a slight "body shift" between load 
levels of lOkN and 20kN. 
The corresponding distributions of circumferential membrane 
stress at positions No 1 to No 4 during the hydrostatic phase 
of the test are shown by Fig 6.61. Only at position No 1, 
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coincident with the vertical centre line of the dent but 
displaced 5mm from it, was the distribution tensile indicating 
stretching of the panel. At position No 2, located in line 
with position No 1, but displaced 14mm vertically from the dent 
centre line, the experimental distribution was coincident with 
the nominal distribution up to a pressure level of 0.05N/mm2, 
thereafter its compressive nature being reduced with further 
increases in hydrostatic pressure. This effect would be in 
general agreement with a section of the panel which had come 
under the influence of the tensile effects which were present 
at position No 1 directly beneath it. The subsequent 
application of the axial compressive load, shown by Fig 6.62, 
had little if no effect on the stress distributions at any of 
the four locations, these remaining virtually constant as would 
be required if equilibrium conditions were to be satisfied. 
The longitudinal and circumferential membrane stress 
distributions at positions No 5 and No 8, these being located 
at the same vertical distances from the dent crease as 
positions No 1 to No 4, but displaced 24mm from the dent centre 
line, are shown by Fig 6.63 to Fig 6.66 respectively. 
During the hydrostatic phase of the test the magnitudes and 
general nature of the longitudinal membrane stress 
distributions, shown by Fig 6.63, altered significantly from 
those at positions No 1 to No 4 and shown by Fig 6.59. At 
positions No 5 and No 6, located at distances of 5mm and 14mm 
from the dent centre line respectively, the natures of the 
stress distributions were still tensile but with their 
magnitudes greatly reduced, while at positions No 7 and No 8 
their initial tensile behaviour was gradually being superseded 
by compressive membrane effects, these occurring for position 
No 7 at a pressure level of 0.225N/mm2 and 0.125N/mm2 for 
position No 8. 
The subsequent application of the axial compressive load, shown 
by Fig 6.64 had little noticeable effect at position No 5, and 
only a marginal reduction in the tensile nature of the panel at 
position No 6. At positions No 7 and No 8, furthermost from 
the dent crease, the panel was able to carry a high proportion 
of the applied compressive loading this being greatest at 
position No 8 which was immediately adjacent to the shell's 
encastre boundary within the end ring. 
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The corresponding distributions of circumferential membrane 
stress at positions No 5 to No 8 during the hydrostatic phase 
of the collapse test are shown by Fig 6.65. At position No 5, 
displaced vertically 5mm from the dent crease the nature of the 
panel was still tensile but with its magnitude only about 601 
of that at position No 1 and shown by Fig 6.61. At positions 
No 6, No 7 and No 8 their distributions showed that the 
circumferential effects within the shell were rapidly returning 
to "nominal" behaviour. The subsequent application of the 
axial compressive load, shown by Fig 6.66, had little effect on 
the distributions of the circumferential membrane stress. 
The longitudinal and circumferential membrane stress 
distributions at positions No 9 to No 12, these being located 
at the same vertical distances from the dent crease as 
positions No 1 to No 4 and No 5 to No 8, but displaced 48mm 
from the dent centre line, are shown by Fig 6.67 to Fig 6.70 
respectively. 
During the hydrostatic phase of the test the distributions of 
longitudinal membrane stress, shown by Fig 6.67, were all 
compressive in nature with those at positions No 9 to No 11 
showing a high level of agreement with the nominal stress 
distribution of the shell. At position No 12, located 
immediately adjacent to the shell's boundary with the end ring, 
the distribution of membrane stress was significantly greater 
than both those derived experimentally and also the nominal 
distribution. This effect may have resulted from this region 
of the shell having to carry a higher proportion of the axial 
downthrust to compensate for those regions of the shell, shown 
for positions No 4 and No 8 by Fig 6.59 and Fig 6.83 
respectively, which carried virtually no axial load. The 
subsequent application of the axial compressive load, shown by 
Fig 6.68, confirmed the previous observations regarding the 
manner in which this region of the shell carried the applied 
loading. At all four positions the experimentally derived 
membrane stress was greater than the corresponding nominal 
value, this again confirming the ability of the structure to 
redistribute the applied loading to adjacent regions of the 
shell away from the damaged zone which were capable of 
providing additional support. At position No 9, displaced 5mm 
vertically from the horizontal projection of the dent crease, 
the membrane stress rapidly changed its nature after a load of 
lOkN had been applied, becoming highly tensile. 
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Study of the photograph shown by Fig 6.58 showed clearly that 
this location was at a region of the shell midway between the 
formation of two buckles. 
The corresponding distributions of circumferential membrane 
stress at positions No 9 to No 12 during the hydrostatic phase 
of the collapse test are shown by Fig 6.69. By comparison with 
the membrane stress distributions for positions No 1 to No 4 
and No 5 to No 8, these being shown by Fig 6.61 and Fig 6.65 
respectively, it can be seen that the influence that the dented 
region of the shell had at this location was reducing, as all 
four membrane distributions were tending toward the nominal 
membrane stress level for this form of loading. The addition 
of the axial compressive load, shown by Fig 6.70, confirmed the 
change at position No 9 probably due to the formation of the 
buckle. At the other three positions the membrane stress 
distributions remained almost constant at their previous 
maximum levels, as would be expected for equilibrium conditions 
to be satisfied. 
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6.4 TEST REPORT FOR MODEL C2 
6.4.1 Model Instrumentation and Design of Repair 
This model was strain gauged subsequent to being dented and 
repaired. 
The design of the repair columns, their location and method of 
end fixity to the shell is shown by Fig 6.71. Each of the two 
columns was welded at its top and bottom point of fixity by two 
TIG fillet welds. Each pair of fillet welds was continuous and 
extended 12mm from the column ends. As the deformation of the 
dent extended over the whole length of the model it was 
necessary, prior to welding, to machine the rear surfaces of 
the columns appropriately to blend into the contours of the 
shell external surface. 
The strain gauge layout, shown by Fig 6.72, was designed to 
determine the magnitude and also the rates of decay of stress 
and strain effects, in both longitudinal and circumferential 
directions at the extremity of the dent. Specifically, at 
position No 1 to No 3, located coincident with each other on a 
vertical line at the extremity of the dent, the rate at which 
both longitudinal and circumferential stress and strain effects 
decayed in the vertical direction could be investigated. At 
position No 4, located adjacent to position No 3 in line with 
the horizontal projection of the dent, the rate at which the 
corresponding stress/strain effects decayed over a distance of 
approximately 9 times the shell thickness from the extremity of 
the dent could be determined. The strain gauge type selected 
for these positions was a 900 orthogonal rosette type CEA-06- 
062WT-120. 
At positions No 5 and No 6, located at the mid height of 
columns L&R coincident with the dent centre line, a single 
element strain gauge was attached to each face of the columns. 
The strain gauge type used was the CEA-06-062UT-120. 
The layout of the displacement transducers on the model is 
shown by Fig 6.73. 
The model in its repaired and instrumented state is shown by 
Fig 6.74 and Fig 6.75. 
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6.4.2 Description of Denting Test 
The aim of the test was to impose on the shell a dent at the 
same location and of equal depth and geometric form as that on 
Model Cl. 
The dent was imposed on the shell in ten increments each 
increment being applied at a constant rate of 2.5mm/min until a 
residual dent of 4.1mm had been formed, as shown by Fig 6.76. 
The results of the denting test are shown by Fig 6.76 to 
Fig 6.78. 
The trace of load vs dent depth as 
chart recorder is shown by Fig 6.76. 
trace was linear only up to a penetra 
1mm, thereafter becoming increasingly 
resistance to further penetration 
influence the heavy end rings were 
penetration. 
monitored by the Instron 
It can be seen that this 
ted depth of approximately 
non-linear as the shell's 
increased due to the 
exerting against further 
At an applied load of 2.65kN, which had resulted in the shell 
being penetrated 5.2mm, the integrity of the sand/Araldite 
boundary began to break down, this being evidenced by the 
abrupt drop in applied load for no increased penetration of the 
shell. Little visible damage to the boundary was observed, 
that which had being confined to a small arc on the internal 
annulus of the Araldite boundary perpendicular to the line of 
indentation where the reaction to the denting force on the 
Araldite would have been compressive. 
The plot of applied load to the residual dent depth is shown by 
Fig 6.77. It can be seen that up to a residual dent depth 
equivalent to 3 times the shell thickness (1.8mm) the denting 
behaviour of this model was identical with that of Model Cl. 
The test terminated when a residual dent 
been imposed on the shell, the extent 
deformation to the shell being as shown in 
Fig 6.78. 
depth of 5.1mm had 
of the resulting 
the photograph in 
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6.4.3 Description of Post-Repair Elastic Test Under 
Hydrostatic Pressure 
The repaired model was installed within the Hyperbaric Rig and 
its instrumentation connected and initialised as discussed in 
Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.034N/mm2, up to a 
maximum pressure of 0.172N/mm2, the needle valve was closed to 
permit strain gauge and displacement transducer readings to be 
recorded. After de-pressurisation the strain gauge and 
displacement transducers returned to their original datums. 
The graphical results of the elastic test under hydrostatic 
pressure are presented by Fig 6.79 to Fig 6.88. 
The distributions of longitudinal stress at positions No 1 and 
No 4, located coincident with each other vertically at the 
extremity of the dent, are shown by Fig 6.79 to Fig 6.82 
respectively. At positions No 1 and No 2, these being located 
on a vertical line from the dent at its extremity and shown by 
Fig 6.79 and Fig 6.80 respectively, a condition of almost pure 
panel bending existed with virtually no membrane action. The 
nature of this bending, with the surface stress tensile and 
compressive on the external and internal surfaces respectively, 
was opposite to that normally associated with hydrostatic 
loading. This was due to the strain gauges being located 
adjacent to the extremity of the dent where the shell bulged 
radially outwards, this effect being a direct result of the 
denting process. At position No 3, located coincident with the 
dent at its extremity and shown by Fig 6.81, the nature of the 
bending effects were similar in both magnitude and nature to 
those at positions No 1 and No 2 except that the experimentally 
derived membrane stress was identical with that calculated from 
simple hoop stress theory. At position No 4, located adjacent 
to position No 3 on the projection of the dents horizontal 
centre line and shown by Fig 6.82, the membrane stress was 
approximately equal, but opposite in nature to the nominal 
value. This effect was due to the bulge and because of its 
local nature, this having been determined by previous 
experimental work, would decay to the nominal stress value of 
the shell within a distance of about 6% of the circumference 
from the extremity of the dent. 
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The corresponding circumferential stress distribution for 
positions No 1 to No 4 are shown by Fig 6.83 to Fig 6.86 
respectively. 
The distributions of longitudinal strain at positions No 5 and 
No 6, located at the mid heights of the repair columns L and R 
respectively, are shown by Fig 6.87. These distributions each 
being the average of four strain gauges, attached to the 
columns, indicates that both were carrying an equal share of 
the hydrostatic downthrust, this having been induced into the 
columns via the fillet welds of the end fixity by the shear- 
lag effect. Consider the calculation: - 
Average longitudinal strain in columns L and R- -0.000106 
Load in both columns ° (eavc xEx Area) 2 
(-0.000106 x 205,000 x 5.52)2 
1315N 
Nominal longitudinal stress in model per mm length of 
shell - pD/4 
0.172 x 320/4 
13.76N/mm 
Therefore Effective length of support given by the repair 
columns - load in columns/longitudinal stress per mm run. 
1315/13.76 
95.56mm - this being approximately equivalent to the width of 
the dent (see Fig 6.72) 
The residual deformations of the shell at positions V, W and X 
are shown by Fig 6.88, along with the nominal displacement 
distribution derived using the bi-axial stress strain 
relationship. 
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6.4.4 Description of Post Repair Elastic Test Under Axial Compressive 
Loading 
As the strain gauges and displacement transducers had returned 
to their original datums they were not re-initialised. 
The actuator, which had previously been connected to the 
loading head assembly under position control conditions, was 
transferred to "load control" with a demand signal of lkN. The 
axial compressive ramp to 30kN then commenced in 4kN intervals 
in order that the strain gauges and displacement transducers 
could be monitored. 
The graphical results of the elastic test under axial 
compressive loading are presented in Fig 6.89 to Fig 6.98. 
The distributions of longitudinal stress at positions No 1 to 
No 4, located coincident with each other vertically at the 
extremity of the dent, are shown by Fig 6.89 to Fig 6.92 
respectively. At positions No 1 and No 2, these being the 
furthermost strain gauges on the strip and shown by Fig 6.89 
and Fig 6.90 respectively, the experimentally derived membrane 
stress was some 50% higher than that calculated from Applied 
Load/Area. At position No 1 no bending effects were present, 
however, at position No 2 the bending stresses were in excess 
of 100% of the membrane, their nature being coincident with a 
"barrel" type deformation. At position No 3, this being in 
line with the dent at its extremity, the membrane stress was 
some three times greater than the nominal value. The nature of 
the bending effects, being equal to 16% of the experimentally 
derived membrane value, was reversed in that the tensile and 
compressive stresses were on the internal and external surfaces 
respectively. 
This effect would result from the location of the strain gauge 
being under the influence of the "pinching effect" of the dent 
crease. At position No 4, located adjacent to position No 3 on 
the projection of the dent crease and shown by Fig 6.92, the 
membrane stress distribution was similar in form to that at 
positions No 1 and No 2, being 50% higher than the nominal. 
The bending effects, which were 129% of the experimentally 
derived membrane stress, had returned to their typical "barrel" 
type deformation. 
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The corresponding circumferential stress distributions for 
positions No 1 to No 4 are shown by Fig 6.93 to Fig 6.96 
respectively. For equilibrium conditions to exist within the 
shell under axial compressive loading, the circumferential 
membrane stress at all locations must be zero. Only at 
position No 4 was this condition nearly attained, the other 
three locations all showing the presence of membrane action. 
The nature of the panel bending in the circumferential 
direction was opposite to that expected for this type of 
loading, the tensile and compressive stresses being on the 
external and internal surfaces respectively. This effect 
resulted from deformations of the shell at the "bulge" and 
would be present only locally. 
The distributions of longitudinal strain at positions No 5 and 
No 6, located at the mid heights of the repair columns L and R 
respectively, are shown by Fig 6.97. By using the same 
approach as in Section 6.4.3 to calculate the "effective length 
of support" offered by the repair columns, it was found that it 
was only 10mm long or approximately 10% of the dent length. 
The deformations of the shell at positions V, W and X are shown 
by Fig 6.98. At point V, located at the mid-span of the dent 
crease, the action of the applied compressive load was to cause 
the dent to "pinch" or move radially inwards. The outwards 
movement of the bulges at the extremities of the dent was also 
observed by the movement of displacement transducer X. The 
behaviour of the displacement transducer at point W, located 
some distance from the extremity of the dent, would be expected 
to be radially outwards due to the Po i ssons effect resulting 
from the applied compressive loading. This was not so, but as 
the magnitude of this displacement was only 0.02mm (3% of the 
shell thickness) therefore excessive significance should not be 
made of it. 
6.4.5 Description of Collapse Test 
The test commenced by opening a valve and allowing air to enter 
the system via a differential pressure valve set to switch off 
when the system pressure was 0.26N/mm2 above atmospheric. At 
pressure intervals of 0.034N/mm2 up to 0.26N/mm2 the stop valve 
was closed to permit a set of data to be recorded. 
When the system holding pressure had been attained, the 
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actuator, which prior to commencement of the test had been 
coupled to the loading head assembly of the model transferred 
to "load" control with a demand signal of lkN. This procedure 
removed all slack from the loading head assembly and was 
necessary prior to transferring control of the actuator to the 
"strain" or "fine position" module. A set of strain gauge and 
displacement transducer data was recorded at this position. 
The axial compressive ramp then commenced with data being 
recorded at 5kN intervals until 20kN, thereafter the interval 
was reduced to 2.5kN. Subsequent to the data being logged at a 
load of 27.5kN the model suddenly collapsed, this being 
evidenced by the abrupt drop in load monitored by the Instron 
chart recorder. As air had been the pressurising medium the 
system pressure remained constant after collapse. 
The results of the collapse test, both photographic and 
graphical are shown by Fig 6.99 to Fig 6.116. 
The model collapsed when an axial compressive load of 27.8kN 
had been applied to the model while under the action of a 
hydrostatic pressure of 0.26N/mm2. 
The traces of both hydrostatic and axial compressive load are 
shown by Fig 6.99 and Fig 6.100 respectively. 
On removal from the testing rig the model was photographed to 
record the collapse mode into which the shell had deformed. 
These photographs, shown by Fig 6.101 and Fig 6.102, illustrate 
the overall deformation sustained by the shell and a more 
detailed view of the repaired zone respectively. In Fig 6.101 
it can be seen that the collapse mode was of a series of 
buckles which had developed around the entire circumference of 
the shell. In Fig 6.102 it can be seen that little, if any, 
serious deformation to the repair columns or the shell 
immediately behind the repair was evident. 
The longitudinal and circumferential stress distributions at 
positions No 1 to No 4 resulting from the hydrostatic phase of 
the collapse test are shown by Fig 6.103 to Fig 6.106 and Fig 
6.107 to Fig 6.110 respectively. 
The results from a previous elastic test under hydrostatic 
pressure conditions have been included in all these graphs as 
indicated by the inset key. 
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The longitudinal stress distributions at positions No 1 to 
No 3, located vertically in line at 45mm from the centre line 
of the dent, are shown by Fig 6.103 and Fig 6.105 respectively. 
It can be seen that at position No 1 and No 2, mounted at 8.5mm 
and 18.5mm from the dent centre line, that the longitudinal 
membrane stresses were virtually zero. At position No 3, 
located adjacent to the extremity of the dent on its horizontal 
projection, the experimentally derived membrane stress was 
almost coincident with the nominal distribution, this being 
derived using bi-axial stress strain relationships. At all 
three positions very high bending effects were present, these 
being at a maximum at position No 3, and decreasing slightly 
towards positions No 2 and No 1. The nature of this bending, 
with the tensile and compressive stresses being on the external 
and internal surfaces respectively, was coincident with the 
shell behaviour immediately adjacent to the extremity of the 
dent where the presence of the "bulge" would tend to deform the 
shell radially outwards. At position No 4, shown by Fig 6.106, 
located 50mm from the dent centre line and immediately adjacent 
to position No 3 on the horizontal projection of the dent, the 
longitudinal membrane stress was tensile, this again being 
attributable to the localised action of the bulge deforming 
radially outwards against the lateral effects of the 
hydrostatic pressure. Again, very high bending stresses were 
present at this location, their nature confirming the previous 
observations at positions No 1 to No 3. 
At all four positions the longitudinal stress distributions 
behaved in an acceptably linear manner up to a pressure level 
of 0.22N/mm2. Thereafter, up to the system 
holding pressure of 0.26N/mm2, indications of "panel distress" 
were observed at all four instrumented positions, this being 
evidenced by the longitudinal bending effects, particularly at 
positions No 1 to No 3, which were increasing at an 
accelerating rate. Had the initial phase of the test not 
terminated at 0.26N/mm2, then collapse under hydrostatic 
conditions would probably have been imminent. 
The corresponding distributions of circumferential stress at 
positions No 1 to No 4 are shown by Fig 6.107 to Fig 6.110 for 
the hydrostatic phase of the collapse test. The stress 
behaviour at these points, albeit in the circumferential 
direction, was similar to that fully described in Fig 6.103 to 
Fig 6.106 and, therefore, in the interests of brevity will not 
be further discussed. 
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As the effect of the application of axial compressive load on 
the model was to cause the circumferential strains on both the 
internal and external surfaces of the shell to exceed a yield 
strain (> 0.18%) at load levels in excess of lkN, it was not 
considered acceptable to reduce this data into stress form. 
The membrane strain distributions for the longitudinal and 
circumferential effects are shown by Fig 6.111 and Fig 6.112 
respectively. The low levels of the circumferential membrane 
distributions belie the fact that the internal and external 
surface strains were in excess of 5 yield strains and 3 yield 
strains respectively. 
The distributions of longitudinal strain at positions No 5 and 
No 6 on the repair columns L and R are shown for both the 
hydrostatic and axial compressive phases of the collapse test 
by Fig 6.113 and Fig 6.114 respectively. During the 
hydrostatic phase of the test the "effective length of support" 
calculated by the method previously described, was found not to 
have altered significantly, remaining at approximately the 
actual width of the dent. However, the corresponding figure 
for the axial compressive load had increased by a factor 2.5 
times to approximately 25% of the dent width. 
The absolute values of the individual data points at positions 
No 5 and No 6, many of them identical in magnitude, have been 
included on both graphs. 
The radial deformations of the shell at positions V, W and X 
are shown for the hydrostatic and axial compressive phases of 
the collapse test by Fig 6.115 and Fig 6.116 respectively. All 
three positions compared favourably with the distributions 
obtained from the previous elastic hydrostatic test discussed 
in Section 6.4.3. 
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6.5 TEST REPORT FOR MODEL C3 
6.5.1 Design of Repair and Model Instrumentation 
With the exception of the two orthogonal rosettes bonded to the 
internal surface of the repair patch this model was strain 
gauged subsequent to being dented and then repaired. 
The design of the patch, its location and method of fixity to 
the shell is shown by Fig 6.117 together with its location and 
method of end fixity to the shell. The patch had been removed 
from the undamaged zone of a previously tested model of 
identical diameter. As the patch had been removed from a model 
which had undergone a heat treatment process on a rigid mandrel 
as part of its normal manufacture, there would be little or no 
internal stresses resulting from the anticlastic effect. The 
length of the patch was designed to cover not only the length 
of the dent but to bridge across the entire region of the shell 
which had sustained deformation resulting from the denting 
test, particularly the two bulges which occurred at the dent 
extremities. To allow for the outwards bulge of the shell 
adjacent to the extremities of the dent, different lengths of 
cardboard plates were used in conjunction with a radius gauge 
plate in an attempt to find an optimum length of repair patch 
which would minimise the local effects which must result at the 
contact points between the internal surfaces of the patch and 
the extremities of the bulge. 
The patch was welded to the shell by a TIG process using filler 
rod. To aid the alignment of the patch to the shell and also 
minimise distortion of both the patch and the shell by the heat 
effects of the welding process, the patch was located to the 
shell by a number of small "tack" welds. The patch was then 
continuously welded between the tacks in a prescribed order 
which resulted in little, if any, deformation to the shell or 
patch. 
The strain gauge layout, shown by Fig 6.118, was designed to 
determine the proportion of the applied loading which would be 
carried by the patch, this having to be induced into it through 
the welds by shear-lag effect. 
At positions No 1 and No 2, these being coincident with the 
dent crease and located at the centre of the repair patch and 
6/21 
33mm from it respectively, two 900 orthogonal rosettes were 
bonded to the inner and outer surfaces of the patch. These 
strain gauges would determine the membrane and bending stress 
effects within the repair patch so enabling an assessment to be 
made concerning the efficiency of the load transference from 
the damaged zone of the shell into the repair patch. 
At position No 3, located on the projection of the dent crease, 
a 900 orthogonal rosette enabled the membrane and bending 
stress effects within the shell to be determined immediately 
adjacent to the vertical fillet weld securing the repair plate 
to the shell. 
At position No 4, an additional 900 orthogonal rosette was 
attached to the external surface of the repair patch on the 
opposite side of the vertical fillet weld to position No 3. As 
it was not possible to install a corresponding strain gauge on 
the repair patch's internal surface prior to welding due to 
heat effects, this rosette would only allow comparisons to be 
made between the external longitudinal and circumferential 
surface stresses at locations No 3 and No 4. 
The 900 orthogonal rosette used at positions No 1 to No 4 was 
the type CEA-06-062WT-120. 
The layout of the displacement transducers is shown by Fig 
6.119. 
6.5.2 Description of Denting Test 
In this test the dent was imposed at the mid height of the 
shell in thirteen successive applications of the indenter, each 
increment being applied at a constant rate of 2.5mm/min until a 
residual dent of 4.1mm depth had been formed. 
The results of the denting test are shown by Fig 6.120 and 
Fig 6.121. 
The trace of load vs dent depth as monitored by the Instron 
Chart recorder is shown by Fig 6.120. It can be seen that the 
trace was linear up to a penetrated depth of 1.8mm, thereafter 
becoming increasingly non-linear as the shell's resistance to 
further penetration increased. This effect resulted from the 
influence that the end rings were having on the shell. 
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When the shell had been penetrated to a depth of 3. lmm the load 
suddenly dropped, this being due to localised crushing of the 
sand/Araldite boundary. Further imposition of damage to the 
shell by the indenter was possible but with reduced shell 
stiffness present, this being indicated by the eighth and every 
succeeding indentation cycle. 
The trace of applied load to residual dent depth is shown by 
Fig 6.121. 
6.5.3 Description of Collapse Test 
The strain gauged model, shown by Fig 6.122, was installed 
within the Hyperbaric Rig and its instrumentation connected and 
initialised as discussed in Chapter 5. 
Prior to the commencement of the collapse test an initial 
elastic hydrostatic test was performed up to a pressure of 
0.17N/mm2. The data obtained from this test was included with 
the corresponding results from the initial hydrostatic phase of 
the collapse test. 
The test commenced, without the strain gauges being re- 
initialised, by opening a stop valve and allowing air to enter 
the system via a differential pressure valve set to switch off 
when the system pressure was 0.26N/mm2 above atmospheric. At 
pressure intervals of 0.034N/mm2 up to the holding pressure the 
stop valve was closed to permit a set of strain gauge data to 
be recorded. 
When the system holding pressure had been attained, the 
actuator, which prior to commencement of the test had been 
coupled to the loading head assembly of the model, was 
transferred to "load" control with a demand signal of lkN. 
This procedure removed all slack from the loading head assembly 
and was a pre-requisite prior to transferring control of the 
actuator to the "strain" or "fine position" module. A set of 
strain gage and displacement transducer data was recorded at 
this position. The axial compressive ramp then commenced with 
data being recorded at 20kN intervals until 195kN. Subsequent 
to this last set of data being recorded, the model suddenly 
collapsed, this being evidenced by the abrupt drop in load 
monitored by the Instron Chart recorder. As the compressive 
phase of the test had been conducted in "fine position" control 
the deformation at collapse resulting from end shortening of 
the model was minimal. 
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The results of the collapse test, both photographic and 
graphical, are shown by Fig 6.123 to Fig 6.144. 
The model collapsed when an axial compressive load of 195kN had 
been applied to the model while under the action of a 
hydrostatic pressure of 0.26N/mm2. 
The trace of both hydrostatic pressure and axial compressive 
load are shown by Fig 6.123 and Fig 6.124 respectively. 
On removal from the testing rig the model was photographed to 
record the collapse mode into which the shell had deformed. 
This photograph, shown by Fig 6.125, indicated that the 
collapse had occurred in the shell adjacent to the repair patch 
and extended circumferentially around the shell as shown by Fig 
6.126. 
The longitudinal and circumferential stress distributions at 
positions No 1 to No 4 resulting from both phases of the 
collapse test are shown by Fig 6.127 to Fig 6.142. 
At position No 1, located on the repair patch at its mid spans, 
the longitudinal stress distributions for the hydrostatic and 
axial compressive test phases are shown by Fig 6.127 and 
Fig 6.128 respectively During the hydrostatic test phase the 
experimentally derived membrane stress distribution was 
coincident with the nominal distribution, this being calculated 
using simple shell theory, up to a pressure of O. 1N/mm2. With 
further application of pressure the experimental membrane 
distribution became non-linear carrying an increasingly larger 
proportion of the hydrostatic downthrust than that predicted by 
the theory. This effect was reversed with the application of 
the axial compressive load during the second phase of the test 
as shown by Fig 6.128. Increased loading resulted in the 
repair patch carrying a reduced proportion of the axial 
loading, this decreasing to approximately 42% just prior to 
failure. 
The corresponding distributions of circumferential stress at 
position No 1 during both hydrostatic and axial compressive 
test phases are shown by Fig 6.129 and Fig 6.130 respectively. 
During the initial hydrostatic phase the experimentally derived 
membrane stress distribution was coincident with the nominal 
distribution up to a pressure of O. 1N/mm2. 
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With further application of pressure the experimental membrane 
distribution became non-linear carrying an increasingly larger 
proportion of the lateral pressure than that predicted by 
theory, this being at a maximum of 25% when the holding 
pressure of 0.26N/mm2 had been attained. With the application 
of the axial compressive load, as shown by Fig 6.130, the 
magnitude of the circumferential membrane stress distribution 
remained virtually constant as would be required for 
equilibrium to be satisfied. 
At position No 2, located on the repair patch at its mid height 
but displaced some 33mm from its vertical centre line, the 
longitudinal stress distributions for the hydrostatic and axial 
compressive test phases are shown by Fig 6.131 and Fig 6.132 
respectively. During the hydrostatic test phase the 
experimentally derived membrane stress distribution was 
virtually zero with little panel bending evident. With the 
application of the axial compressive load, as shown by Fig 
6.132, the panel began to carry load in the longitudinal 
direction, but this was only equal to 19.5% of the nominal 
stress value prior to collapse. 
The corresponding distributions of circumferential stress at 
position No 2 during both the hydrostatic and axial compressive 
test phases are shown by Fig 6.133 and Fig 6.134 respectively. 
During the hydrostatic test phase the experimentally derived 
membrane stress distribution showed very good agreement with 
the nominal distribution throughout the entire pressure range. 
As with position No 1, the distribution of circumferential 
membrane stress during the axial compressive load phase, shown 
by Fig 6.134, remained virtually constant throughout the 
loading range, the deviation from the nominal distribution 
increasing from 14% to 25%. 
At position No 3, located at the mid height of the shell 
adjacent to the vertical fillet weld of the repair patch, the 
distributions of longitudinal stress for both the external 
pressure and axial compressive test phases are shown by Fig 
6.135 and Fig 6.136 respectively. During the hydrostatic phase 
the experimentally derived membrane stress distribution was 
coincident with the nominal distribution up to a pressure of 
0.175N/mm2. With further application of pressure the 
experimental membrane distribution became non-linear. When the 
holding pressure of 0.26N/mm2 had been attained the 
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experimental membrane distribution was some 21% higher than the 
nominal. This effect was reversed with the application of the 
axial compressive load during the second phase of the test as 
shown by Fig 6.136. Increased loading resulted in the shell 
carrying less axial load than that predicted by thin wall 
theory, this reaching a maximum of 42% at an applied load of 
140kN. This variation reduced to 38% prior to collapse. The 
nature of the panel bending reversed at an applied loading of 
100kN, the previous "hourglass" form snapping through to the 
"barrel" form associated with axial compressive loading. 
The corresponding distributions of circumferential stress at 
position No 3 during both the hydrostatic and axial compressive 
test phases are shown by Fig 6.137 and Fig 6.138 respectively. 
During the hydrostatic test phase the experimentally derived 
membrane stress was almost coincident with the nominal 
distribution throughout the entire pressure range. With the 
application of the axial compressive load during the second 
phase of the test, as shown by Fig 6.138, the experimentally 
derived membrane stress did not remain constant but steadily 
decreased in a linear manner up to an applied load of 135kN, 
thereafter dropping rapidly until, just prior to collapse, it 
was almost zero. 
At position No 4, the distribution of longitudinal and 
circumferential stresses on the external surface of the repair 
plate adjacent to the vertical fillet weld are shown for both 
the hydrostatic and axial compressive loading phases by Fig 
6.139 to Fig 6.142 respectively. 
The radial displacements at positions V and W on the repair 
patch and position X on the shell, are shown for both the 
hydrostatic and axial compressive phases of the collapse test 
by Fig 6.143 and Fig 6.144 respectively. 
At position X, located at the mid height of the panel and 
orientated 1650 from the dent centre line, the inwards radial 
displacement resulting from the hydrostatic loading was some 
80, higher than the nominal distribution predicted by the bi- 
axial stress strain relationships. With the application of the 
axial compressive load the direction of the radial displacement 
reversed due to the increasing Poisson's effect from the 
compressive load but the actual rate of displacement with 
respect to the applied loading was, at best, only 50% of that 
of the nominal distribution. 
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At position V, located at the mid-spans of the repair plate 
coincident with the dent centre, the inwards radial 
displacement of the shell under hydrostatic pressure was some 
four times greater than the nominal distribution. This 
deformation indicates that while the design of the repair patch 
and its method of fixity to the shell was adequate from load 
carrying considerations it was unable to replicate the inherent 
stiffness of the undamaged shell. The addition of the axial 
compressive load had little further effect on the repair patch, 
its inwards radial displacement having only increased by 7% 
just prior to the shell's point of failure. 
At point W, this being located adjacent to the extremity of the 
dent coincident with the highest point on the outwards bulge of 
the shell which had resulted from the denting process, the 
deformation to the patch under hydrostatic pressure was 
radially outwards reaching a maximum of 1% of the plate 
thickness when the holding pressure of 0.26N/mm2 had been 
attained. With the application of the axial compressive load, 
this outwards radial displacement increased at a rate in excess 
of 2.5 times that predicted by the nominal distribution. Just 
prior to the point of failure the outwards radial displacement 
had increased to 21% of the plate thickness. 
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Fig 6.58 View of deformation to external surface of 
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Fig. 6.100 Instron chart recording of load vs time on Mode 
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Fig 6.101 View of deformation to external surface of 
Model C2 after collapse 
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Fig 6.102 View of deformation to repair on Model C2 
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7.0 TESTING PROGRAMME TO DEVELOP FURTHER AN UNDERSTANDING OF THE 
MECHANICS OF THE "STRUT" APPROACH AS APPLIED TO THE REPAIR OF 
5 BAY PLAIN RING STIFFENED MODELS 
7.1 SUMMARY OF CHAPTER 
To develop further the approach of using external struts or props to 
repair damaged cylindrical shells discussed in Chapter 6, a series of 
three tests were undertaken using 5 Bay Plain Ring Stiffened Models 
more representative of the type of shell encountered in practice,. 
The series consisted of three models denoted as C9, C10 and C11. 
This series of tests investigated the efficacy of using struts or 
props to transfer axial compressive loading effects across a region 
of the shell where the rigidity of the cirumferential ring stiffeners 
had not been sufficient to resist the penetrative effects of the 
imposed damage from extending into the bays adjacent to the damaged 
one. 
7.2 METHODOLOGY OF APPROACH TO THE TESTING PROGRAMME 
A general view of a5 Bay Ring Stiffened Shell was shown previously 
by Fig 4.7b in Chapter 4 prior to being cast into its rigid endrings. 
These models had the geometric parameters of R/L and L/R more 
representative of that currently used in offshore structures. 
The shell geometry was designed to be typical of that currently used 
in offshore structures and in which stiffener tripping would not be 
expected to occur. The L/R ratio of 0.25 is such that there is 
limited interaction between the local and overall mode of buckling 
when the shell is subject to axial compressive loading. The ds/ts 
ratio of 8 is below that at which stiffener tripping is expected to 
occur in the elastic condition. Intrinsic in all this, of course, is 
the evaluation of the loading state at failure to provide a 
comparison with the corresponding value for an undamaged shell or 
unrepaired shell. 
One model was tested in an undamaged form under combined loading 
conditions to establish a benchmark from which both the load "knock 
down" value of the imposed damage model, and the "restored" value of 
the repaired model could be compared against. 
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The methodology of testing was to subject each model to a hydrostatic 
ramp until a pressure of 0.15N/mm2 had been attached and then hold 
the pressure constant while an axial compressive ramp was applied to 
the model until failure occurred. 
The selected depth of residual dent for this series of tests was 
5.26mm which corresponded to approximately 9 times the shell 
thickness, this being representative of a moderately severe impact. 
7.2.1 Model C9 
This model was tested in the perfect or undamaged stated to 
establish the upper boundary or benchmark to which the results 
of subsequent "damaged" and "repaired" models in this series 
could be compared or assessed. 
The uniformity with whicl 
circumferential membrane 
five bays of the shell 
gauges, This procedure 
with that calculated by 
theory". 
i the distributions of longitudinal and 
and bending stress passed through the 
was investigated by means of strain 
also enabled comparisons to be made 
"simple thin walled cylindrical shell 
To determine the increase in rigidity which the circumferential 
ring stiffeners provided the shell, displacement transducers 
were placed at both the ring stiffeners and also at the mid 
heights of the adjacent panelled bays. 
The model was tested to collapse as described in Section 7.2 
7.2.2 Model ClO 
Prior to being tested this model was subjected to imposed 
damage at the mid height of the centre panel. 
The level of damage was as described in Section 7.2. 
No strain gauges were applied to this model as data of how this 
type of shell behaved while being indented was available from 
Models D1 and D2 tested as part of another research programme 
and described in Chapter 2. 
Displacement transducers were used to monitor comparative mid 
panel deflections at the damaged and undamaged zones of the 
shell. 
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The model was tested to collapse in an identical manner to 
model C9. 
7.2.3 Model C11 
This model was repaired after being subjected to an identical 
indentation procedure as model C10. 
The technique chosen to repair the model was solid square MS 
columns or struts. The struts were sized on a direct "area to 
area" basis where an estimate of the circumferential arc of the 
shell deemed to be that effected by the imposition of damage 
was used to calculated the strut area needed to be replaced by 
the props to satisfy the area replacement criteria. 
To assess the direct compressive loads induced into the struts 
from the shell, all four columns were strain gauged, the 
innermost pair in such a fashion as to be able to ascertain the 
direct stress effects from the bending effects. 
To determine the radial displacement behaviour of the columns 
the displacement transducers were aligned at the mid height of 
the columns. 
The model was collapsed as discussed previously. 
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7.3 TEST REPORT FOR MODEL C9 
7.3.1 Model Instrumentation 
This model was instrumented using both strain gauges and 
displacement transducers. 
The layout of the strain gauges is shown by Fig 7.1. 
The design of the layout was intended to provide information 
relating to the actual membrane and bending stress behaviour 
of the shell panels and their associated ring stiffeners. 
Comparisons would also be able to be made with the nominal 
longitudinal and circumferential stress values calculated from 
"simple" hoop stress theory. 
To determine the longitudinal and circumferential membrane 
stress within each of the five panels at their mid-heights, 
strain gauge rosettes were bonded to both the internal and 
external surfaces of the panel. These gauges, in addition to 
determining the membrane effects present with the panel, would 
also provide information regarding the magnitude of both 
longitudinal and circumferential bending stresses at the mid- 
height of the panel. The strain gauge selected for this 
purpose was the 900 orthogonal rosette type CEA-06-062WT-120, 
these being denoted on the layout as No 1 to No 5 
respectively. 
To investigate the membrane behaviour of the panel immediately 
adjacent to one of the circumferential ring stiffeners, a 
further rosette was bonded to the bottom of the middle panel. 
In this position, denoted as No 6, the rosette would enable 
the influence of the adjacent ring stiffener on the panel to 
be measured, not only in terms of membrane effects, but more 
particularly the bending effects. The rosette selected for 
this purpose was of type CEA-06-062WT-120 and its design 
allowed the centreline of its grid to be located within 1mm of 
the panels welded boundary with the ring stiffener. 
To determine the distribution of the circumferential membrane 
stress across the section of the ring stiffener, two pairs of 
single element strain gauges were bonded to the top and bottom 
surfaces of the stiffener at distances of 1mm and 3mm from the 
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free edge of the stiffener. The strain gauge selected for 
this purpose was the EA-06-031DE-120. The locations were 
denoted as No 7 and No 8 respectively and were both coincident 
with the vertical centrelines of the strain gauge array at 
positions No 1 to No 5. 
The layout of the displacement transducers on the model is 
shown by Fig 7.2. Transducers V and W were located at the mid 
height of panels 'bc' and 'cd' adjacent to the strain gauge 
rosettes No 2 and No 3 respectively. Transducers X and Y were 
located in line with the ring stiffeners #2 and #3 
respectively. 
7.3.2 Description of Collapse Test 
The test commenced, after the strain gauges had been 
initialised, by opening a valve and allowing air to enter the 
system via a differential pressure valve set to switch off 
when the system pressure was 0.155N/mm2 above atmospheric. At 
pressure intervals of 0.017N/mm2 up to the holding pressure 
the stop valve was closed to permit a set of strain and 
displacement data to be recorded. When the system holding 
pressure had been attained the actuator, which prior to the 
commencement of the test had been coupled to the loading head 
assembly of the model under position control conditions, was 
transferred to "load control" with a demand signal of 1 kN. A 
set of data was recorded at this position. The axial 
compressive ramp then commenced with data being recorded at 
2.5kN intervals until 127.8kN. Subsequent to this last set of 
data being recorded the model suddenly collapsed, this being 
evidenced by the displacement trips, which monitored the end 
shortening of the model cutting the hydraulic power to the 
actuator. 
The results of the collapse test, both photographic and 
graphical are shown in Figs 7.3 to Fig 7.40. 
The model collapsed when an axial compressive load of 127.8kN 
had been applied while under the action of a hydrostatic 
pressure of 0.155N/mm2. 
The trace of both hydrostatic pressure and axial compressive 
load are shown by Fig 7.3. As air was the pressurising medium 
the system pressure remained constant after failure. The 
model was prevented from further collapse by the presence of 
restraints positioned beneath the loadcell. 
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On removal from the testing rig the model was photographed in 
order to record the collapse mode into which the shell had 
deformed. This photograph, shown by Fig 7.4, illustrated that 
the collapse mode was of a series of buckles which had 
extended around the shell in the vicinity of the bottom two 
bays. 
The longitudinal and circumferential stress distributions at 
positions No 1 to No 5 are shown by Fig 7.5 to Fig 7.24. 
At position No 1, located at the mid height of panel 'ab' the 
longitudinal and circumferential stress distributions are 
shown for both phases of the collapse test by Fig 7.5 to 
Fig 7.6 and Fig 7.7 to Fig 7.8 respectively. 
During the hydrostatic phase of the collapse test, the 
longitudinal and membrane stress, shown by Fig 7.5, 
demonstrated complete agreement with the calculated nominal 
stress distribution both of which were linear throughout. 
Panel bending in the longitudinal direction was approximately 
661 of the membrane stress value. When the axial compressive 
load was applied the experimentally derived membrane stress 
distribution, shown by Fig 7.6, did not increase at the same 
rate as the nominal stress distribution, this deviation 
reaching a maximum of 16% with an applied load of 60kN. 
Thereafter the deviation reduced until at a load of 115kN the 
membrane stress converged to the nominal value remaining this 
way up until the collapse. During this second phase of 
loading the longitudinal bending stresses in the panel 
decreased from 66% of the membrane stress to 12%, this 
occurring just prior to collapse. This change in bending 
probably resulted from the panels "hourglass" shape, which had 
developed during the hydrostatic loading, being altered into 
the more characteristic "barrel" shape due to the Poisson's 
effect of the axial compressive loading. 
As with the case of the longitudinal membrane stress, the 
distribution of the circumferential membrane stress developed 
during the application of the hydrostatic pressure was in 
perfect agreement with its calculated nominal value. This 
distribution is shown by Fig 7.7. During the subsequent 
application of the axial compressive loading the 
circumferential membrane stress should have remained constant 
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at their final hydrostatic test magnitude, this being a 
requirement for equilibrium. This effect was confirmed by the 
trace of circumferential membrane stress, shown by Fig 7.8, 
where the maximum error between experimentally derived and 
calculated nominal values was only +6% up to an applied load 
of 70kN and +9% just prior to failure. Bending stresses in 
the panel were again relatively small, being a maximum of 8% 
during the hydrostatic phase of the test and increasing to 
just under half of the value of the circumferential membrane 
stress. 
The longitudinal and circumferential stresses at positions No 
2, No 3, No 4 and No 5 on panels 'bc', 'cd', 'de' and 'ef', 
these being shown by Fig 7.9 to Fig 7.12, Fig 7.13 to Fig 
7.16, Fig 7.17 to Fig 7.20 and Fig 7.21 to Fig 7.24 
respectively, followed very similar behaviour patterns to that 
reported for position No 1. 
At position No 6, located on the lower surface of ring 
stiffener #3 adjacent to panel 'de', the stress distributions 
for both phases of the collapse test are shown by Fig 7.25 to 
Fig 7.28. 
The longitudinal membrane stress distributions resulting from 
both hydrostatic and axial compressive phases of the collapse 
test are shown by Fig 7.25 and Fig 7.26 respectively. The 
nature of the membrane distributions for both phases of the 
test followed closely along the lines of that discussed 
previously for positions No 1 to No 5. This was not the case 
regarding the bending stresses resulting from the axial 
compressive test, shown by Fig 7.26, in which the nature of 
the bending reversed or 'snapped through' at a load of 60kN. 
The circumferential membrane stress distributions resulting 
from the hydrostatic and axial compressive load phases of the 
collapse test are shown by Fig 7.27 and Fig 7.28 respectively. 
During the hydrostatic phase of the test the experimentally 
derived membrane stress, shown by Fig 7.27, was approximately 
20% less than the calculated nominal with bending effects 
being some 19% of the membrane value. As the axial 
compressive load was applied to the model the bending effects 
reduced until at a load of 50kN all circumferential bending 
had been eliminated from the panel whereupon it 'snapped 
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through' into its new bending 
experimentally derived membrane 
10% higher than the calculated 
increasing with further loading 
just prior to collapse. 
mode. At this point the 
stress in the panel was some 
nominal value, this effect 
until the difference was 44% 
The collective distributions of longitudinal and 
circumferential membrane stresses for both phases of the 
collapse test are shown for positions No 1 to No 6, along with 
their calculated nominal stress distributions by Fig 7.29 to 
Fig 7.32. 
The circumferential membrane strain distributions at positions 
No 7 and No 8 located on ring stiffener #3, are shown by Fig 
7.33 to Fig 7.36. 
At position No 7 located 1mm in from the free edge of the ring 
stiffener the strain distributions for both hydrostatic and 
axial compressive phases of the collapse test are shown by Fig 
7.33 and Fig 7.34. During the hydrostatic phase of the test 
out of plane bending of the ring stiffener was negligible, 
being only 3% at the commencement of the axial compressive 
load. During this phase of the test, shown by Fig 7.34, this 
bending reduced until it was zero at an applied loading of 
30kN, whereupon the nature of the bending reversed as the ring 
stiffener snapped through into its new bending mode. For the 
purposes of comparison the circumferential membrane strain 
distributions, calculated using the bi-axial plane stress 
relationships, have been included for both loading phases. 
At position No 8, located 3mm in from the free edge of the 
ring stiffener, the strain distributions for both hydrostatic 
and axial compressive phases of the collapse test are shown by 
Fig 7.35 and Fig 7.36. At this position, located only 3.3 
times the thickness of the ring stiffener away from the 
centreline of the adjacent strain gauge at position No 7, the 
out of plane bending of the ring stiffener, shown by Fig 7.35 
for the hydrostatic phase of the test, was some 11% of the 
experimentally derived membrane stress. During the subsequent 
application of the axial compressive load, shown by Fig 7.36, 
this out of plane bending steadily reduced until at a load of 
60kN it had been almost eliminated. Unlike the behaviour of 
position No 7 at this point the nature of the out of plane 
bending did not reverse but subsequently increased in an 
erratic manner until failure. 
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For the purposes of comparison the circumferential strain 
distribution at positions No 7 and No 8 have been combined on 
the same graph for both phases of the collapse test by 
Fig 7.37 and Fig 7.38 respectively, along with the theoretical 
strain distribution calculated by the bi-axial plane stress 
relationships. 
The displacements at positions V, WX&Y are shown for the 
hydrostatic and axial compressive phase of the collapsed test 
by Fig 7.39 and Fig 7.40 respectively. 
The distributions of inwards radial movement for the first 
phase of the collapse test, shown by Fig 7.39, demonstrates 
clearly by the almost identical distributions of W&V and X& 
Y the high degree of behavioural repeatability possessed by 
this type of model. At locations Y&X, these being at the 
mid height panels 'cd' and bc' respectively, the inwards 
radial displacements were some 50% greater than that predicted 
using the two dimensional stress-strain relationships. This 
additional displacement could be explained by the Poisson's 
effect to which each bay element of the shell would be 
affected. 
The action of the Poissons effect can be clearly seen from the 
second phase of the collapse test, shown by Fig 7.40, when the 
axial compressive load was applied to the model. The model, 
from its initial hourglass shape, would by the Poissons effect 
steadily reconfigure its shape from "hourglass" to "barrel", 
this being typical of that induced by the application of axial 
compressive loading. The reducing inwards displacement can be 
clearly seen with position W, on the lower ring stiffener of 
bay 'cd', attaining a neutral position just prior to collapse. 
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7.4 TEST REPORT FOR MODEL C10 
7.4.1 Model Instrumentation 
This model was not strained gauged for either the denting test 
or the collapse test. 
Four displacement transducers were mounted to the shell, these 
being located at positions V, W, X and Y as shown by Fig 7.41. 
The transducers at positions V and W were located at the mid 
height of panels 'cd' and 'de' respectively, and both were 
coincident with the vertical centreline of the dent. To act as 
a datum, a further pair of transducers, denoted as X and Y, 
were mounted at the mid height of panels 'cd' and 'de' but 
orientated at 1500 from the dent centreline on an undamaged 
section of shell. 
7.4.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the dent was imposed at the mid height of the 
centre panel 'cd'. 
The indenter penetrated the shell in a series of twenty two 
successive passes, these all being applied at a constant rate 
of 2.5mm/min. Re-application of the indenter after the 
fourteenth denting cycle indicated that the trace of load vs 
dent displacement, monitored by the Instron chart recorder, was 
showing signs of a gradual 'stiffening up' of the shell with 
each successive dent increment. This observation continued 
until after the twenty second denting cycle when the chart 
recorder indicated that a residual dent of 5.26mm had been 
formed. 
The results of the denting test are shown by Fig 7.42 and 
Fig 7.43. 
The results of load vs dent depth, as monitored by the Instron 
chart recorder is shown by Fig 7.42. The relationship between 
the applied load and the resulting dent depth was linear until 
just after the fourteenth indentation cycle when a 2.75kN load, 
which had penetrated the shell to a depth of 5.72mm, resulted 
in a 3.35mm residual dent being formed. Thereafter, the 
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applied load to cause further radial penetration of the shell 
gradually increased non-linearly until a load of 57kN was 
required to penetrate the shell a distance of 9. llmm to give 
the required dent depth of 5.26mm. 
The trace of applied load to residual dent depth is shown by 
Fig 7.42 which confirmed the shell's previous transition to 
non-linear behaviour after the residual dent depth had exceeded 
3.35mm. 
7.4.3 Description of Collapse Test 
The test commenced by opening a valve and allowing air to enter 
the system via a differential pressure valve set to switch off 
at 0.155N/mm2. At pressure intervals of 0.017N/mm2 up to the 
holding pressure, the stop valve was closed to permit a set of 
strain and displacement data to be recorded. 
When the system holding pressure had been attained the 
actuator, which had been coupled to the loading head assembly 
of the model under position control conditions was transferred 
to 'load control' with a demand signal of lkN. A set of data 
was recorded at this position. The axial compressive ramp was 
then commenced with data being recorded at 5kN intervals until 
115kN. Subsequent to this last set of data being recorded the 
model suddenly collapsed, this being evidenced by the 
displacement trips, which monitored the end shortening of the 
model, cutting the hydraulic power to the actuator. 
The results of the collapse test, both photographic and 
graphical, are shown by Fig 7.43 to Fig 7.45. 
The model collapsed when an axial compressive load of 115.5kN 
had been applied while under the action of a hydrostatic 
pressure of 0.155N/mm2. 
The trace of both hydrostatic pressure and axial compressive 
load are shown by Fig 7.44. As air was the pressurising medium 
the system pressure remained constant after failure. The model 
was prevented from further collapse by the presence of 
restraints positioned beneath the loadcell. 
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On removal from the testing rig, the model was photographed in 
order to record the collapse mode into which the shell had 
deformed. This deformation, shown by the photograph in Fig 
7.45, had been contained within the middle 3 bays 'bc', 'cd' 
and 'de' and had consisted of a series of buckles which had 
extended around the entire circumference of the shell. 
The displacements at positions V, W, X and Y are shown for the 
hydrostatic and axial compressive phases of the collapse test 
by Fig 7.46 to Fig 7.47 and Fig 7.48 to Fig 7.49 respectively. 
At positions V and W, located at the mid span of the dented 
'cd' and its adjacent panel 'de' respectively, the 
displacements during the hydrostatic phase of the test were 
radially inwards as shown by Fig 7.46. At both positions the 
behaviour was linear, the magnitudes of the displacements at V 
and W being 7.6 and 5 times that calculated using the bi-axial 
plane stress relationships. This radially inwards linear 
behaviour continued at both positions during the application of 
the axial compressive load, the first indications of non- 
linearity developing at positions V and W when loads of 65kN 
and 8OkN were applied respectively. The displacement 
distribution calculated by the bi-axial plane stress 
relationships indicated that when an axial compressive load of 
78kN was superposed to the existing hydrostatic loading the 
shell displacement would be zero, it having returned to its 
original datum. At this load the radially inwards 
displacements at positions V and W were approximately 2/3 and 2 
times the panel thickness respectively. Just prior to 
collapse, the displacement at position V had increased to 
approximately 2.5 times the panel thickness. 
At positions X and Y, located at the mid span of panels 'cd' 
and 'de' and orientated at 1500 from the dent centreline, the 
displacement distribution for the hydrostatic and axial 
compressive phase of the collapse test are shown by Fig 7.48 
and Fig 7.49 respectively. For comparison, the distributions 
calculated by the bi-axial stress relationships have been 
included for both phases of loading. 
It can be seen that both in magnitude and nature the 
experimental distributions compare favourably with those 
derived analytically. As the internal ring stiffeners were not 
infinitely stiff, the effect of the lateral pressure would be 
to attempt to deform the shell into an hourglass shape overall, 
with only the ends of the shell remaining unchanged due to 
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their attachment to the heavy endri ngs . This would result in 
the deformation at position X, located at the mid height of 
shell, being greater than that at position Y, located one panel 
width away from X. This was indeed the case, with the 
distribution at position X being almost coincident with the 
analytical one. 
The application of the axial compressive load to the model 
caused the radially inwards rate of change of displacement at 
both positions Y and X to reduce dramatically until at a load 
of 50kN it was finally halted. Further increased compressive 
loading caused both panels to move radially outwards until at a 
load of 90kN the shell at position Y crossed its original 
displacement datum, this load being almost coincident with that 
derived analytically. 
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7.5 TEST REPORT FOR MODEL C11 
7.5.1 Design of Repair and Model Instrumentation 
The model was repaired and strain gauged subsequent to being 
dented. 
The design of the repair columns, their location and method of 
end fixity to the shell is shown by Fig 7.50. Each of the four 
columns was welded at its top and bottom point of fixity to 
bays 'ab' and 'ef' by two TIG fillet welds. Each pair of welds 
ran continuously from the column ends to the circumferential 
welds of internal ring stiffeners #1 and #4. Thus the rigidity 
of the columns point of fixity was increased by the stiffness, 
albeit reduced by the denting process, of the internal ring 
stiffeners. 
As the deformation effects of the dent extended over the whole 
length of the model it was necessary, prior to welding, to 
machine the rear surfaces of the middle columns L1 and R1 in 
order to blend into the contours of the shell's external 
surface. 
The strain gauge layout, shown by Fig 7.51, was designed to 
enable determination of the direct compressive effects which 
had been induced into each of the columns via their fillet 
welds by the shear lag effect. 
At positions No 2 and No 3, located at the mid height of 
columns L1 and R1 coincident with the dent centreline, an 
arrangement of eight strain gauges was attached. Due to access 
difficulties, both columns had their rear faces strain gauged 
prior to being welded to the shell. The strain gauge selected 
for this purpose was a single element foil type EA-06-031DE- 
120. 
At positions No 1 and No 4, located at the mid height of 
columns L2 and R2, coincident with the horizontal projection of 
the dent centreline, a single element strain gauge was attached 
to the front and each of the side faces of the columns. The 
strain gauge selected was the type EA-06-031DE-120. 
The layout of the displacement transducers on the model is 
shown by Fig 7.52. 
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The model in its repaired and instrumented state is shown by 
Fig 7.53 and Fig 7.54. 
7.5.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the dent was imposed at the mid height of panel 
I cd' . 
The dent was imposed on the shell in sixteen increments, each 
increment being applied at a constant rate of 2.5mm/min until a 
residual dent of 5.39mm had been formed. 
The results of the denting test are shown by Fig 7.55 and 
Fig 7.56. 
The trace of load vs dent depth as monitored by the Instron 
chart recorder is shown by Fig 7.55. It can be seen that this 
trace was linear up to a penetrated depth of approximately 
5.7mm, thereafter becoming increasingly non-linear as the 
shell's resistance to further penetration increased. This 
effect resulted from the increased stiffness that the internal 
ring stiffeners #2 and #3 were giving to the shell. 
The trace of load vs residual dent depth is shown by Fig 7.56. 
This graph confirms the previous observation regarding the 
shell's increasing resistance to radial penetration as the 
residual dent depth exceeded 3.5mm or approximately 6 times the 
shell thickness. 
7.5.3 Description of Collapse Test 
The test commenced, after the strain gauges had been 
initialised, by opening a stop valve and allowing air to enter 
the system via a differential pressure valve set to switch off 
when the system pressure was 0.155N/mm2, above atmospheric. At 
pressure intervals of 0.017N/mm2 up to the holding pressure the 
stop valve was closed to permit a set of strain and 
displacement data to be recorded. 
When the system holding pressure had been attained, the 
actuator, which prior to commencement of the test had been 
coupled to the loading head assembly of the model, was 
transferred to 'load control' with a demand signal of lkN. A 
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set of data was recorded at this position. The axial 
compressive ramp then commenced with data being recorded at 
lOkN intervals until lOOkN. Subsequent to this last set of 
data being recorded the model suddenly collapsed, this being 
evidenced by the displacement trips, which monitored the end 
shortening of the model, cutting the power to the actuator. 
The results of the collapse test, both photographic and 
graphical, are shown in Fig 7.57 to Fig 7.62. 
The model collapsed when an axial compressive load of lOOkN had 
been applied to the model while under the action of a 
hydrostatic pressure of 0.155N/mm2. 
The trace of both hydrostatic pressure and axial compressive 
load are shown by Fig 7.57. As air was the pressurising medium 
the system pressure remained constant after failure. The model 
was prevented from further collapse by the presence of 
restraints positioned beneath the loadcell. 
On removal from the testing rig the model was photographed to 
record the collapse mode into which the shell had deformed. 
This photograph shown by Fig 7.58, indicated that the collapse 
had occurred in the shell adjacent to the repair and consisted 
of a series of buckles limited to panels 'de' and 'ef'. The 
deformation to panel 'ef' in the vicinity of the repair 
probably occurred after the initial collapse due to the end 
shortening of the model. No indications of 'premature 
collapse' of the model at the dented zone existed, this being 
evidenced by an absence of any significant additional radial 
deformation to panels 'bc', 'cd' and 'de'. 
The collective distributions of longitudinal direct strain 
effects at positions No 1 to No 4 on each of the four repair 
columns at their mid height are shown for the hydrostatic and 
axial compressive phases of the collapse test by Fig 7.59 and 
Fig 7.60 respectively. 
At positions No 2 and No 3, located on the inner two repair 
columns Ll and RI, and shown by Fig 7.59, the direct load 
effects induced into both struts by the hydrostatic downthrust 
via their respective fillet welds were in very close agreement 
with each other. Both distributions were the arithmetic 
average of the six single element strain gauges on their 
respective columns. The efficiency with which the longitudinal 
load was transferred into the columns can be seen from the 
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calculation below, when the hydrostatic pressure was 
0.155N/mm2. 
Consider loads within columns L1 and R1 
avexEx(ABI +AL2)x4 
Equivalent length of shell - 
pxD 
58 x 10-6 x 205 x 103 x (52 + 52) x4 
0.155 x 320 
47.9 (> distance between L1 and R1) 
At positions No 1 and No 4, located on the outer two repair 
columns L2 and R2 respectively, the average distributions of 
strain did not show the previous high levels of symmetry. In 
general terms each of these repair columns appeared to have 
carried approximately twice the corresponding direct effects of 
the inner two columns. As strain gauges were not attached to 
the rear faces of these columns, and the strain distributions 
were the average of only three gauges, direct comparisons with 
positions No 2 and No 3 on repair columns L1 and R1 are 
difficult to make. 
During the subsequent application of axial compressive loading, 
shown by Fig 7.60, the close similarity of the strain 
distributions at positions No 2 and No 3 on repair columns L1 
and R1 continued until with an applied loading of 40kN the 
traces began to deviate, remaining this way until collapse. In 
the case of positions No 1 and No 4 located on repair columns 
L2 and R2, the previous discrepancy in behavioural symmetry 
reduced with increased loading until at a load of 63kN both 
traces were coincident. Further loading caused the 
discrepancies in the traces to re-occur, but with column R2 now 
carrying a higher share of the direct longitudinal effects for 
all applied loads above 63kN. 
The distributions of radial displacement at positions V, W, X 
and Y, located coincident with the strain gauges on the front 
faces of repair columns L2 to R2, are shown for both 
hydrostatic and axial compressive phases of the collapse test 
by Fig 7.61 and Fig 7.62 respectively. Both these figures 
indicated that the corresponding columns on either side of the 
model's vertical centreline were behaving in an acceptably 
7/17 
symmetrical manner during both test phases, particularly the 
inner columns Ll and R1. 
The displacement of the columns L2 and R2 at positions V and Y 
during the hydrostatic phase of the test, shown by Fig 7.61, 
was radially outwards, this being opposite in nature to that 
expected of the shell under this form of loading. Viewed in 
hindsight, this outwards displacement was only 5% of the panel 
thickness and resulted from the moments induced into the column 
from the shear lag forces within the fillet welds at their 
points of fixity as shown in the sketch below. 
shear lag 
force moment 
arm 
The natural deformation of the shell due to the hydrostatic 
pressure also assisted this mode of displacement. The 
corresponding displacements at positions X and W, on repair 
columns L2 and R2, were radially outwards, opposite in essence 
to those at Y and V. The displacement in this direction 
resulted from the previously discussed moment, due to the shear 
lag force, being overwhelmed due to that caused by the lateral 
effects of the hydrostatic pressure deforming both panels 'ab' 
and 'ef', as shown in the sketch. The damage which all the 
ring stiffeners had sustained during the denting procedure did 
little to assist in preventing the shell deforming in this 
manner. 
The nature of the displacement at all four columns during the 
compressive second phase of the collapse test is shown by Fig 
7.62. At positions Y and V the application of the axial 
compressive load merely increased the magnitude of the shear 
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lag force and caused the column to deform radially outwards at 
a steadily increasing rate. At positions X and W the immediate 
effect of the axial compressive load was to reduce abruptly and 
then reverse the previous inwards displacement of the columns. 
At position X the column had returned to its 'zero-load' 
position when the applied compressive load was 87.5kN, 
thereafter displacing radially outwards. At position W the 
trend was identical to that at X except that the shell 
collapsed prior to the 'zero-load' position being attained. 
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Fig 7.53 Oblique View of Model C 11 after being Repaired and Instrumented 
Fig 7,5 Direct View of Model C11 after being Repaired and Instrumented 
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Fig 7.57 Trace of External Pressure and Axial Compressive Load vs Time 
on Model Cl1 during Collapse Test 
Fig 7.58 View of External Surface of Model C 11 after Collapse Test 
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8.0 TESTING PROGRAMME TO UNDERSTAND THE MECHANICS OF USING CURVED 
'T' SECTION BEAMS TO REPAIR MULTI-BAY MODELS WHICH HAD BEEN SUBJECTED 
TO IDENTICAL LEVELS OF DAMAGE AT DIFFERENT LOCATIONS ON THE SHELL 
8.1 SUMMARY OF CHAPTER 
Continuing the theme of investigating the efficacy of different 
repair methods for 5 bay plane ring stiffened models discussed in the 
previous chapter, this chapter considered the approach of using 
curved 'T' section beams externally welded to the shell and 
orientated in line with the models internal circumferential 
stiffening. 
The efficacy of attempting to stabilise the shell in the region of 
the imposed damage by securing it to the repair beams via a number of 
"ties" was also investigated. 
The series comprised of four models, one tested in the as "perfect" 
manufactured condition, and the others, all repaired after being 
subjected to an identical level of damage. 
All the models, after having been subjected to a series of elastic 
tests, were tested to collapse under combined loading conditions. 
8.2 METHODOLOGY OF THE APPROACH TO THE TESTING PROGRAMME 
A general view of a5 bay ring stiffened model prior to being cast 
into its end rings is shown by Fig 8.1. 
These models, denoted in this series as C4, C5, C6 and C12 had the 
dimensions and geometric parameters shown by Fig 8.2. 
The original methodology of test had only three models in the series, 
namely C4, C5 and C6, these all subsequent to being damaged being 
repaired using a slightly different design of repair. 
Constant throughout the series was the level of damage to be imposed 
on the shells, this being selected as approximately 5.4mm or 9 times 
the shell thickness. This figure was chosen as it would permit 
direct comparability of results with two models, Rl and R2 of a 
previous test programme undertaken to investigate the load 
"knockdown" effect of shells subjected to imposed damage. 
Due to data available from this previous programme, the test series 
was split into two sub-series, the first investigating the effect of 
the repair approach on models where the damage had been imposed in 
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line with the ring stiffener and the other using model C6 where, as 
with models R1 and R2, it had been imposed at the mid height of the 
centre bay. 
The three models C4, C5 and C6 were thus subjected to their 
respective denting procedures during one single testing session. 
As it was impossible to predict how a design of repair would behave 
when subjected to load, the methodology of test was to design the 
repair, implement the repair, conduct initial elastic tests on the 
model prior to its final collapse test and then once in possession of 
all the test data decide on any modification to the detail design of 
the repair. 
Model C4 was the first model to be tested, and resulting from this 
test it was decided that in the subsequent tests on models C5 and C6, 
the shell in the damaged region of the model had to be secured to the 
repair beams by "ties". 
As a direct consequence of the results from these two sub-series of 
tests it became apparent that the absence of a benchmark from which 
to compare or assess both the "knockdown" condition of models R1 and 
R2 or the "rebuild" state of models C4, C5 and C6 would greatly 
inhibit any assessment of whether the repair strategy had been 
successful. 
A fourth model C12, was therefore procured, which when tested in the 
undamaged stated would provide the benchmark for models R1, R2, C4, 
C5 and C6. 
All the models after being subjected to a series of elastic tests 
were tested to collapse. 
Thus in this chapter models C4, C5 and C12 were written up and 
discussed as a complimentary series with model C6, associated with 
models R1 and R2, as the other sub-series. 
8.2.1 Model C4 
This model was the first of the series to be tested. 
The methodology of test was to apply the imposed damage in line 
with the ring stiffener which bounded the top of the models 
middle bay. It had been determined previously from the results 
of damage imposition tests on models R1 and R2 that the ring 
stiffeners did not confine the effects of the inwards radial 
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penetration of the indenter bar to that space between adjacent 
ring stiffeners, but rather allowed the whole shell which was 
bounded by the model end rings to deform inwards. Thus to 
repair the model, the curved 'T' section repair beams had to be 
located in line with all four of the models internal ring 
stiffeners rather than just across that ring stiffener to which 
the damage had been imposed. 
The damage to the ring stiffener provided the model with a 
single axis if symmetry about its vertical centre line 
therefore the strain gauge layout on both the panels of the 
bays and their adjacent internal ring stiffeners focused on 
this line of symmetry. As the model was strain gauged prior to 
the denting test it was possible to determine the residual 
stress loads induced into the distant panels, adjacent to the 
model's end rings, due to the denting process. 
The methodology of the testing programme required that prior to 
the collapse test a comprehensive series of elastic tests, both 
hydrostatic and axial compressive were carried out on the 
model. 
On completion of these tes 
collapse by first applying 
then while maintaining the 
gradually increasing axial 
occurred 
s the model was to be tested to 
hydrostatic ramp to 0.5N/mm2 and 
system pressure constant apply a 
compressive load until failure 
8.2.2 Model C5 
As a direct consequence of the repair beams on model C4 having 
little or no effect in preventing the shell in the vicinity of 
the dent from undergoing an "initial failure", typical of that 
which occurred with model R1, the approach taken to repair this 
model was modified. 
To stabilise the shell from deforming radially inwards in the 
region of the dent under the effects of the hydrostatic 
pressure the methodology of repair was modified by the addition 
of a number of "ties", these anchoring the damaged zone of the 
shell to the repair beams. 
As the prime purpose of these ties was to secure the damaged 
panels of the shell to the repair beams it was necessary 
to 
instrument the ties as "load cells" in order to monitor the 
tensile effects that these ties must have had induced into them 
8/3 
by the action of the hydrostatic effects on the shell. 
To monitor how this shell behaved when "tied" to the repair 
beams, elastic tests were carried out under both hydrostatic 
and axial compressive loading. 
On completion of these elastic tests the methodology of the 
final collapse test was to, as before, apply a hydrostatic ramp 
to the shell in the expectation of it attaining 0.5N/mm2 as the 
holding pressure and then apply such axial compressive loading 
as would cause the model to collapse. 
8.2.3 Model C12 
This model was the benchmark for this test series. 
As elastic tests had been performed on model C9, the undamaged 
counterpart of model C12 in Chapter 7 to confirm the uniformity 
of distributions of both longitudinal and circumferential 
stress through the 5 bays of an undamaged shell, little 
additional value was thought to be gained by repeating the 
process therefore this model was not strain gauged. 
The methodology of the collapse test was to initiate a 
hydrostatic ramp to the holding pressure of 0.5N/mm2 and 
thereafter apply an axial compressive ramp progressively until 
failure occurred. 
8.2.4 Model C6 
This model was the last in this series to be tested and the 
data obtained from both its strain gauges and displacement 
transducers in addition to its final collapse test failure 
parameters, would form a sub-series to permit comparative 
analysis to be done with model C12, the benchmark, or with 
models R1 and R2 from the previous test series. 
For consistency with model R1 and R2 the methodology of test 
required that the applied damage be imposed at the mid height 
of the centre bay of the model. 
The design approach to the repair of this model was very 
similar to that used on model C5 whereby four curved "T" 
section beams were welded to the shell directly in line with 
the internal ring stiffeners. As introduced on model C5 the 
repair beams were used as anchor points for the ties which 
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stabilised the shell. Due to the location of the damage on 
this model the repair was symmetrical in form about both the X 
and Y axis. 
This symmetry was used to good effect in the design of both the 
strain gauge and displacement transducer layouts whereby only 
one quarter of the damaged zone and its associated repair 
beams/ties were instrumented. 
The model was instrumented prior to denting. 
A comprehensive series of elastic tests were carried out on 
this model under both hydrostatic and axial compressive loading 
prior to its final collapse test. 
The final collapse test commenced by initiating a hydrostatic 
ramp to 0.5N/mm2 and then superpose an axial compressive load 
ramp until failure occurred. 
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8.3 TEST REPORT FOR MODEL C4 
8.3.1 Model Instrumentation and Design of Repair 
This model was strain gauged prior to denting using the layout 
shown by Fig 8.3. The layout was designed to assess the extent 
to which the strains resulting from the denting procedure 
propagated in the circumferential and longitudinal directions 
about the vertical axis of the shell at the dent centreline and 
also to monitor the behaviour of the damaged shell during the 
subsequent elastic and collapse tests. 
As the radial stress component at the free edge of the internal 
flat bar ring stiffener was zero it was possible to use a 
single element strain gauge bonded close and parallel to the 
boundary without incurring unacceptably high errors. The type 
of strain gauge used was an EA-06-031DE-120 which permitted the 
centreline of the grid foil to be located lmm from the free 
edge of the ring stiffener. 
To determine the resulting membrane stress effects induced 
within the panels by the imposition of the dent 900 orthogonal 
strain gauge rosettes type CEA-06-062WT-120 were used. At 
positions No 1, No 2, No 3, No 4 and No 5 the strain gauge 
rosettes were bonded to both the internal and external surfaces 
of the shell panels at their mid heights. During both the 
hydrostatic and axial compressive phases of the collapse test 
these strain gauges would enable experimental evaluation of the 
longitudinal and circumferential membrane stresses with which 
to compare nominal values. The surface and resulting bending 
stresses at the mid height of the panels would also be 
obtained. 
At positions No 6, No 7, No 8 and No 9 single element strain 
gauges were bonded to both faces of the plain ring stiffeners. 
These gauges were directly in line with those of positions No 1 
to No 5 respectively and were intended to monitor strain/ 
curvature effects within the stiffener during both the denting, 
elastic and collapse tests. 
This would enable assessments to be made concerning the 
adequacy of the repair approach in preventing the effect of 
"preliminary collapse" to occur whereby tripping of the 
stiffener in line with the dent initiates a cascade of tripping 
in all the other stiffeners and so causes the entire length of 
the shell across the dented zone to collapse radially inwards 
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forming a high depression in the shell. 
The design of the "T" section curved beams used to repair the 
model is shown in Fig 8.4 along with relevant geometric and 
technical data. Each of the four beams was welded to the shell 
using TIG fusion runs along both sides of the web. To 
determine the effectiveness of the curved beams in restoring 
the circumferential integrity of the shell in the damaged area 
strain gauges were bonded to the web and top surface of the 
flange at the mid-span position. Two single element foils of 
the EA-06-031DE-120 variety were bonded to both faces of the 
web close to its free edge to detect the onset and magnitude of 
any out of plane bending. A single element gauge of the 
CEA-06-062UT-120 variety was bonded to the top surface of the 
flange to measure the bending effect through the section and 
consequently the nature and magnitude of the direct stress 
effect. The layout of these strain gauges is shown in Fig 8.5. 
The layout of the displacement transducers on the model before 
and after being repaired is shown by Fig 8.6. 
The model in its repaired and fully instrumented state is shown 
by Fig 8.7. 
8.3.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the dent was imposed in line with ring stiffener 
#2 which formed the upper boundary of the model's middle bay. 
The indenter penetrated the stiffener at a constant rate of 
2.5mm/min until a residual dent of 5.1mm was formed. 
Re-application of the indenter after the second denting cycle 
indicated that the trace of load vs dent displacement, 
monitored by the Instron chart recorder, was showing signs of 
gradual 'stiffening up' of the shell, with each successive dent 
increment. This observation continued until after the eighth 
denting cycle when the chart recorder indicated that a residual 
dent of 5.1mm had been formed. 
The results of the denting test, both photographic and 
graphical, are shown in Fig 8.8 to 8.24. 
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The trace of load vs dent displacement as monitored by the 
Instron chart recorder is shown by Fig 8.8. It can be seen 
that on initial application of the indenter bar a force 0.4kN 
caused the stiffener to deform radially inwards a distance of 
0.4mm or approximately 60% of the shell thickness. This event 
was largely elastic as on removal of the indenter the residual 
deformation was only some 0.08mm or 13% of the shell thickness. 
During the second denting cycle the relationship between the 
denting load and the resulting radial displacement of the ring 
stiffener became increasingly non-linear this manifesting 
itself with high levels of residual deformation for lesser 
increments in applied loading. This evidenced itself by the 
residual dent depth at the end of the second indentation cycle 
having increased by a factor of eight times from the first 
cycle for only twice the value of applied loading. With 
further indentation cycles the shell continued to deform under 
the action of the indenter bar but against increasing 
resistance of the shell assembly. This effect was observed by 
the gradual increase in the slope of the chart recorder trace. 
During the eighth indentation cycle a force of 4.05kN was 
required to cause an 7.72mm radial penetration of the shell. 
This resulted in a 5.1mm residual deformation in the shell 
after final withdrawal of the indenter bar. 
The extent of the deformation to the external surface of the 
shell resulting from residual radial penetration of 5.1mm is 
shown by the photograph Fig 8.10. 
The trace of denting load to residual dent depth derived from 
the Instron chart recorder is shown by Fig 8.9. This graph 
generally confirmed the observations made previously from 
Fig 8.8. 
The graphs of residual dent depth vs residual longitudinal 
stress/strain for the orthogonal rosettes No 1 to No 5, located 
at the mid height of all five panels and coincident with the 
dent centreline, are shown by Fig 8.11, Fig 8.13, Fig 8.15 and 
Fig 8.17 respectively. The membrane and surface strain 
distributions at positions No 2 and No 3 on the bays adjacent 
to the dented ring, shown by Fig 8.13 and Fig 8.15 
respectively, indicate a high level of similiary of form. The 
lesser magnitudes of strain, particularly in surface effects, 
exhibited at position No 2 results from the additional 
stiffness offered to the panel by its proximity to the upper 
end ring of the model. 
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The corresponding stress distributions at positions No 1 and 
No 4 shown by Fig 8.11 and Fig 8.17 respectively, do not show a 
similar high level of behavioural symmetry particularly on a 
quantitative basis. However, on close examination it can be 
seen that two distinctive features are present in the manner 
that the surface stresses reverse their nature at residual 
penetration levels of 2mm and 3.25mm respectively and also the 
formation of a "doubling back" of both membrane and surface 
stresses at position No 4 subsequent to the formation of a 
3.25mm residual penetration. The reduced rate at which the 
stress effects at position No 4 developed in comparison with 
its "mirror" image at position No 1 again demonstrates the 
influence that both the endrings had on the bays within their 
proximity. This feature is further demonstrated by the stress 
distribution at position No 5 shown by Fig 8.19, which shows a 
further reduction in the rate at which the residual 
longitudinal stress developed in the shell with increasing 
residual dent depth. 
The graphs of residual dent depth vs residual circumferential 
stress/strain for the orthogonal rosettes at positions No 1 to 
5 are shown by Fig 8.12 to Fig 8.20 respectively. 
The distributions of circumferential strain on the panels 
immediately adjacent to the damaged rings are shown by Fig 8.14 
and Fig 8.16 for positions No 2 and No 3 respectively. These 
graphs show the same "mirror-image" distributions of membrane 
strain in both form and general magnitude discussed previously 
concerning longitudinal effects. The greater magnitude of 
bending which is present at position No 2, evidenced by the 
surface strain distributions, results from the effect of the 
increased stiffness induced into the panel by its proximity to 
the model's upper end ring. Further evidence of this effect 
was obtained from the distribution of stress at position No 1, 
shown by Fig 8.12, whereby a condition of almost pure bending 
existed. At this position a residual penetration of 1.25mm was 
required before the panel experienced any significant level of 
stress. 
The absence of flexural support from an adjacent end ring is 
demonstrated by the distribution of circumferential bending 
stresses at position No 4 and shown by Fig 8.18. From the 
onset of the indentation process the panel experienced a state 
of almost pure bending, this condition being exacerbated by the 
inability of the panel's upper ring stiffeners, at position 
No 8, to offer significant resistance to the advancement of the 
8/9 
indenter bar. 
The distribution of circumferential stress at position No 5, 
shown by Fig 8.20, indicates that up to a residual penetration 
of 3rrm this panel was unaffected by the denting process. 
However, with increasing penetration, bending stresses were 
beginning to develop at an increasing rate in a manner very 
similar to that at position No 1 and shown by Fig 8.12. 
The distribution of residual dent depth vs residual 
circumferential strain for the strain gauges located along the 
free edge of the ring stiffeners and coincident with the dent 
centreline, are shown for positions No 6 to 9 by Fig 8.21 to 
Fig 8.24 respectively. The behaviour of these ring stiffeners 
during the indentation process was critical to the subsequent 
development of the deformation surface in the immediate 
vicinity of the dent. 
At position No 7 where the damage was applied, shown by Fig 
8.22, it can be seen that even at radial deformations in the 
order of the shell thickness (0.6mm) residual membrane strains 
in the order of 3% (15 yield strains) were induced. This 
result confirmed previous data concerning the inadequacy of 
using flat-bar ring stiffeners to resist the imposition of 
damage. 
Results found previously concerning the behavioural symmetry of 
the shell about the damaged ring stiffener were again confirmed 
by the distributions of residual dent depth to circumferential 
strain on the ring stiffeners adjacent to the dent and shown 
for positions No 6 and No 8 by Fig 8.21 and Fig 8.23 
respectively. 
The corresponding strain distribution at position No 9 on the 
lower ring stiffener is shown by Fig 8.24. It can be seen that 
it required a residual dent of some 3mm to be imposed before 
the residual strain reached yield for the material. 
The effect that 
on the general 
determined from 
shown by Fig 8 
positions No 1 
respectively. 
the imposed damage to the ring stiffeners had 
development of the damaged shell can be 
the strain distribution of gauges No 6 and 8 
. 21 and Fig 
8.23 respectively, and those at 
and No 4 shown by Fig 8.11 and Fig 8.17 
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At residual indentation levels below lmm the nature 
longitudinal curvature as determined by strain gauges 
5, shown by Fig 8.11, Fig 8.13, Fig 8.15, Fig 8.17 and 
respectively, was as shown in the sketch below. 
of the 
No 1 to 
Fig 8.19 
1TT 
2TCC 
144 Residual Dent <i mm. 
3 7C C 
A 4 ,, surface effect 
membrane effect 
5T 
Further radial penetration above lmm resulted in an increased 
rate of change of curvature at positions No 6 and No 8. During 
this development the nature of the bending effect within the 
ring stiffeners reversed this occurring in both cases at a 
residual penetration of approximately 1.5mm. With further 
residual penetration to approximately 2mm the nature of the 
longitudinal bending at position No 1 reversed this effect 
being repeated at position No 4 when the residual penetration 
attained 3mm. The resulting effect of this tripping was to 
cause the shell to deform along the longitudinal axis of the 
dent to the manner shown by the sketch below. 
TTT 
TTc 
444 Residual Dent = 3mm. 
TTc 
4 T 
A TTT 
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The previous discussion of results has not considered in much 
detail the absolute magnitudes of the residual stress or strain 
distributions resulting from the denting process, however, it 
should be understood that in the immediate vicinity of the dent 
very high levels of residual surface stress do exist which when 
combined with the effects of the applied loading could rapidly 
cause plasticity to occur on the surface of the shell. Typical 
examples of this would be at position No 4 the longitudinal 
stress shown by Fig 8.17 and the cirumferential stress by Fig 
8.18 respectively. 
8.3.3 Description of Pre-Repair and Post Repair Elastic Tests Under 
Hydrostatic Pressure and Axial Compressive Loading 
Prior to the model being repaired two elastic tests were 
performed, the first under hydrostatic pressure and the second 
under axial compressive load. 
The model was installed within the Hyperbaric Rig and its 
instrumentation connected and initialised as discussed in 
Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.0069N/mm2 up to a 
maximum pressure of 0.069N/mm2 the needle valve was closed to 
permit strain gauge and displacement transducer data to be 
recorded. On de-pressurisation the strain gauges and 
displacement transducers returned to their original datums 
therefore the shaft of the loading head assembly was able to be 
connected to the Instron actuator without further re- 
initialisation of the strain gauges. 
After transfer of the ramp to 'load control' conditions with a 
demand signal of lkN a set of strain gauge and displacement 
transducer data was recorded. The axial compressive test then 
commenced by applying a slowly increasing ramp to the model, 
this being terminated at 2.5kN intervals to facilitate data 
being recorded, until a maximum load of 30kN had been applied. 
The ramp was then reversed until at 1. OkN the model was 
transferred back the displacement control to unload it 
completely. Once unloaded the model was removed from the rig 
in preparation for its repair with the 'T' section curved 
beams. 
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Subsequent to being repaired a further set of elastic tests 
under hydrostatic pressure and axial compressive loading was 
performed on the model using the same pressure and load 
increments as used on the two tests described in the previous 
section. 
The graphical results of the pre and post repair elastic tests 
under hydrostatic pressure are shown by Fig 8.25 to Fig 8.44. 
a) Hydrostatic Pressure 
The pre- and post-repair distributions of longitudinal and 
circumferential stress for the strain gauge rosettes No 1 to 5 
mounted at the mid panel height of each of the five bays 
coincident with the dent's vertical centreline are shown by Fig 
8.25, Fig 8.27, Fig 8.29, Fig 8.31, Fig 8.33 and Fig 8.26, Fig 
8.28, Fig 8.30, Fig 8.32 and Fig 8.34 respectively. These 
graphs show clearly that the addition of the four curved repair 
beams had little effect either on the membrane or surface 
behaviour of the panels in either the longitudinal or 
circumferential directions. 
The nominal longitudinal compressive membrane stress in an 
undamaged shell resulting from a hydrostatic pressure of 
0.068N/mm2 would be approximately 9N/mm2. The resulting 
tensile nature of this stress at positions No 1, No 2 and No 5 
indicates that the damage to the ring stiffener was not 
contained locally but had extended its effect over the entire 
length of the shell. In both bays adjacent to the damaged 
stiffener, extensive longitudinal panel bending was present, 
the nature of this bending being coincident with normal 
hydrostatic pressure effects i. e. tensile effects on the 
internal surface of the shell. 
The nominal value of the circumferential membrane stress for 
this shell in its undamaged state was approximately -18N/mm2. 
The distribution of circumferential membrane stress derived 
from the strain gauge rosettes No 1, No 4 and No 5 bonded to 
the mid height of those bays furthermost from the damage showed 
very good agreement with the nominal value. 
In those bays immediately adjacent to the imposed damage the 
experimentally derived circumferential membrane stress was 
between two to three times the nominal value, this being 
accompanied by bending stresses over four times the 
experimental membrane values. The nature of this bending was 
8/13 
opposite to that associated with hydrostatic pressure in that 
the external surface of the panel became increasingly 
compressive with additional pressure. This effect was 
coincident with the shell extending radially inwards in a 
concave manner in the vicinity of the dent. 
The pre and post repair distributions of circumferential strain 
at positions No 6 to No 9, located near to the leading edge of 
each of the internal ring stiffeners, are shown by Fig 8.35 to 
Fig 8.38 respectively. These distributions confirmed the 
previous observations concerning the lack of effect that the 
curved repair beams had on the shell. An assessment of how 
damage imposed to one ring stiffener could effect the whole 
shell may be obtained by comparing the strain distribution of 
each of the four stiffeners. The lowest ring, or that farthest 
away from the damage, has virtually no strain induced in it at 
all, whereas that at which the damage was imposed had attained 
approximately 0.1% strain which for this material equated to 
half of a yield strain. 
In the ring stiffeners adjacent to the damaged one the strain 
distributions showed a high degree of symmetry with each ring 
developing a 0.03% strain at the maximum test pressure of 
0.068N/mm2, or approximately 20ft of water. 
The distribution of circumferential strain through each of the 
curved repair beams is shown by Fig 8.39 to Fig 8.42 
respectively. 
With the exception of the lowest beam, shown by Fig 8.42, all 
the other beams demonstrated that in addition to bending 
effects causing the curvature to decrease a tensile direct 
strain was also present. In the case of the lower stiffener a 
condition of almost pure bending was present. Observations of 
Fig 8.39 and Fig 8.41, which were on the repair beams adjacent 
to the dent show a high level of behavioural symmetry in 
respect to the strain levels on the upper face of the flange 
and the free edge of the web. 
The distribution of radial deflection along the line of 
symmetry of the damaged ring stiffener and both its adjacent 
rings is shown by Fig 8.43. It can be observed that the 
maximum radial deflection occurs at the point of impact and 
that a reasonable equality exists between the deflections of 
both rings adjacent to it. In common with previous 
observations on damaged shells the shell deformed radially 
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outwards at the extremity of the dent. 
Fig 8.44 shows the corresponding deflections on the top surface 
of the repair beams as denoted by Fig 8.6. 
The graphical results of the pre and post repair tests under 
axial compressive loading are shown by Fig 8.45 to Fig 8.64. 
b) Compressive Loading 
The pre and post repair distributions of longitudinal stress 
for the strain gauge rosettes No 1 to 5, mounted at the mid 
height of each of the five bays and coincident with the 
vertical centreline of the dent, are shown by Fig 8.45, Fig 
8.47, Fig 8.49, Fig 8.51 and Fig 8.53 respectively. These 
graphs showed clearly that the addition of the four curved 
repair beams had little effect on either the membrane or 
surface behaviour of the panels. 
In all five panels the nature of the longitudinal membrane 
stress was compressive, this indicating that the applied load 
was not causing the panels in the vicinity of the dent to 
stretch. 
At position No 1 on panel 'ab', this being located adjacent to 
the upper end ring and shown by Fig 8.45, the magnitude of the 
longitudinal membrane stress was only 32% of the nominal value. 
At positions No 2 and No 3 on panels 'bc' and 'cd', these being 
located adjacent to ring stiffener #2 which had been dented and 
shown by Fig 8.47 and Fig 8.49 respectively, the membrane 
stresses were virtually zero with a state of almost pure 
bending present, the external surface being tensile and the 
internal compressive. 
At position No 4 on panel 'de', shown by Fig 8.51, the 
magnitude of the longitudinal membrane stress within the shell 
had increased to 40% of the nominal value with the absolute 
values of both surface stresses being compressive, the internal 
being slightly greater in value to the external. 
At position No 5 on panel 'ef', this bay located adjacent to 
the lower end ring and shown by Fig 8.53, the magnitude of the 
longitudinal membrane stress within the shell had increased to 
60ý of the nominal value, this being the highest value measured 
over the five locations which were all coincident with the 
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vertical centreline of the dent. 
For equilibrium to be satisfied under the condition of axial 
compressive loading the circumferential membrane stress should 
equate to zero. This condition was satisfied at each of the 
positions No 1 to No 5 discussed previously where the 900 
orthogonal rosettes were located, these being shown by Fig 
8.46, Fig 8.48, Fig 8.50, Fig 8.52 and Fig 8.54 respectively. 
The pre- and post-repair distributions of circumferential 
strain at positions No 6 to 9, located near to the leading 
edge of each of the internal ring stiffeners, are shown by Fig 
8.55 to Fig 8.58 respectively. 
At positions No 6,8 and 9 located on ring stiffeners #1, #3 
and #4 and shown by Fig 8.55, Fig 8.57 and Fig 8.58 
respectively, the compressive nature of the strain at the free 
edge of the stiffeners indicated that the slightly flat zone 
resulting from the initial denting process was now attempting 
to deform radially outwards due to the Poisson's effect within 
the shell and this was resulting in the local curvature of the 
stiffener decreasing or being 'pinched'. 
8.3.4 Description of Collapse Test 
This test was performed subsequent to the previous elastic 
tests. Due to the period which had elapsed from these tests 
the strain gauges were initialised to return their datums to 
zero. 
The testing procedure was similar to that described for the 
hydrostatic elastic test except that the differential pressure 
valve was set to close when the system pressure attained 0.5N/ 
mm2 above atmospheric. During this phase of the test, data was 
initially recorded at pressure intervals of 0.034N/mm2 but this 
interval was reduced to 0.017N/mm2 subsequent to the pressure 
exceeding 0.068N/mm2. Subsequent to a set of data being 
recorded at 0.43N/mm2, a dull thud characteristic with that 
associated with failure, was heard from within the rig. The 
instrumentation confirmed that severe structural deformation 
had occurred to the model but that this had not caused overall 
structural collapse of the shell. In order to study the mode 
of this deformation the test was terminated and the air dump 
valve opened. 
After the pressure vessel had been raised onto its elevated 
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props for inspection it was revealed that the shell had 
collapsed in the region of the dent over its entire length in a 
manner identical to damaged models of identical geometry, but 
not repaired, tested in a previous contract. 
On completion of the inspection the pressure vessel was then 
lowered back into position and secured in preparation for the 
final test to collapse. During the pressurising phase of the 
test, data was recorded at intervals of 0.069N/mm2 up to a 
pressure of 0.41N/mm2. Thereafter the interval was reduced to 
0.013N/mm2 until the system holding pressure of 0.5N/mm2 had 
been attained. 
The axial compressive phase of the test began by transferring 
from 'position' to 'load' control with a demand signal for a 
0.9kN compressive load. A set of data was recorded at this 
position. 
The axial compressive ramp then commenced with data being 
recorded at levels of 4.9kN and 7.4kN. Subsequent to the 
commencement of the ramp after the 7.4kN recording of data, the 
model suddenly collapsed. This was evidenced by the 
displacement trips, which monitored the end shortening of the 
model, cutting the hydraulic power to the actuator. 
The results of the collapse test, both photographic and 
graphical, are shown in Fig 8.65 to Fig 8.83. 
The model underwent an initial 'premature failure' after a 
hydrostatic pressure of 0.43N/mm2 had been applied. The trace 
of the hydrostatic pressure is shown by Fig 8.65. The 
deformation which had resulted from this initial failure is 
shown by the view in Fig 8.66 which clearly shows that the 
shell had collapsed radially inwards over its entire length in 
the vicinity of the dent with little, if any, damage to any of 
the four curved repair beams. Due to the severity of the 
structural deformation to the model it is considered here that 
this occurrence to have been the point of failure. Clearly the 
shell could not be considered to be in a satisfactory operating 
state in this condition and any reserve of strength which it 
did possess should only be considered as a 'bonus' providing 
time in which to implement remedial action. 
Subsequent to this initial failure, which had not caused 
structural collapse of the shell, the model was retested until 
an axial compressive load of 7.4kN, which had been superposed 
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to a hydrostatic pressure of 0.5N/mm2, caused overall 
structural collapse of the shell. 
As the point of failure was considered to have occurred after 
the initial 'premature failure' only results relating to that 
test have been included in this report. 
The longitudinal stress distributions at positions No 1 to No 5 
are shown by Fig 8.67, Fig 8.69, Fig 8.71, Fig 8.73 and Fig 
8.75 respectively. The stress distributions at positions No 2 
and No 3, these being located on panels 'bc' and 'cd' each 
adjacent to the internal ring stiffener #2 into which the dent 
had been imposed are shown by Fig 8.69 and Fig 8.71 
respectively. At both these locations extensive panel bending 
was present, its nature being coincident with the hourglass 
form associated with hydrostatic pressure. The magnitude of 
this bending was such that at a pressure of 0.15N/mm2 the 
surface strains on the panel exceeded the materials yield. The 
tensile nature of the membrane stress indicated that 
considerable stretching of the panel was present, this 
resulting from the lateral effects of the hydrostatic pressure. 
At position No 1, located at the mid height of panel 'ab' and 
shown by Fig 8.67, the membrane stress was again tensile over 
the entire loading range with the panel bending being 
approximately equal in magnitude to the membrane value with its 
nature, as at positions No 2 and No 3, coincident with normal 
hydrostatic loading. 
At position No 4, located at the mid height of panel 'de' and 
shown by Fig 8.73, the distributions of both membrane and 
surface stresses were similar in form to those discussed 
previously at position No 1 on panel 'ab', which was its 
mirror-image about the dent centreline, and shown by Fig 8.67. 
The lesser magnitude of the membrane and bending stresses at 
position No 4 would be attributed to the differences between 
the individual panel stiffnesses at their respective locations. 
At position No 5, located at the mid height of panel 'ef' and 
shown by Fig 8.75, the distribution of membrane stress up to a 
hydrostatic pressure of 0.35N/mm2 was similar in both form and 
magnitude to that at position No 1 on panel 'ab' and shown by 
Fig 8.67. Both these locations were on panels at opposite ends 
of the shell where the differing effects that each of the 
endrings had on the stiffness of its adjacent panel could be 
seen from the differences in panel bending, that on the lower 
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panel 'ef' being only some 20% of that panel 'ab'. 
The circumferential stress distributions at positions No 1 to 
No 5 are shown by Fig 8.68, Fig 8.70, Fig 8.72, Fig 8.74 and 
Fig 8.76 respectively. 
The stress distributions at positions No 2 and No 3, these 
being located at the mid height of panels 'bc' and 'cd', are 
shown by Fig 8.70 and Fig 8.72 respectively. Extensive bending 
was present at both these locations, the nature of this effect 
indicating that the panels were deforming radially inwards in a 
concave manner under the lateral effects of the hydrostatic 
pressure. The magnitude of the surface strains was such that 
at pressure levels of 0.15N/mm2 they had exceeded the yield 
point of the material. 
At positions No 1 and No 4, these being located at the mid 
height of panel 'ab' and 'de' and shown by Fig 8.68 and Fig 
8.74 respectively, the distributions of both membrane and 
surface stresses were almost identical in both general form and 
magnitude. In both cases the panel behaved in a linear elastic 
manner up to a pressure level of 0.25N/mm2, thereafter becoming 
increasingly non-linear as the surface stresses, the previous 
behaviour of which had been coincident with a general concave 
deformation of the shell inwards caused by the lateral pressure 
effects, rapidly increased in their respective directions as 
the onset of the gross deformation which culminated in the 
premature collapse of the shell approached. 
At position No 5, this being located at the mid height of panel 
'ef' and shown by Fig 8.76, the general behaviour of the shell 
in both membrane and surface stresses coincided with the 
nominal values. 
The distributions of circumferential membrane strain on each of 
the four internal ring stiffeners, these being denoted as 
positions No 6 to No 9 for ring stiffeners #1 to #4 
respectively, are shown by Fig 8.77. At all four locations the 
nature of the membrane strain was tensile indicating that the 
stiffeners and their adjacent panels were being deformed 
radially inwards into a concave shape under the action of the 
hydrostatic pressure. 
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At position No 7 on ring stiffener #2, this being where the 
dent was imposed on the shell, the membrane strain had exceeded 
yield at a hydrostatic pressure of O. 1N/mm2 and two yield 
strains at 0.2N/mm2. 
At positions No 6 and 8, these being located on ring stiffeners 
#1 and #3 each adjacent to the damaged ring stiffener, the 
membrane strain distribution showed a high level of equality of 
2 form and magnitude confirming that the deformation of the 
ring stiffener/panel about the dent crease was symmetrical. 
At position No 9, this being located on ring stiffener #4 
furthest away from the dent, the level of membrane strain was 
only 60% of a yield strain at the time of the initial collapse. 
The strain gauges located on the flanges and web of the four 
repair beams at their mid-spans, these positions being 
coincident with the vertical centreline of the dent, are shown 
by Fig 8.78 to Fig 8.81. 
The distribution of strain on the flange and web of repair beam 
#1, these being denoted as positions No 10 and 14 respectively, 
and shown by Fig 8.78, indicated that the beam had behaved in a 
linear manner up to a hydrostatic pressure of 0.3N/mm2, 
thereafter becoming increasingly non-linear. Up to the point 
of the initial failure, where the shell experienced significant 
structural deformation, the nature of the bending effect to the 
beam was such that the outer surface of the flange was in 
compression with the membrane strain within the web being in 
tension and unaccompanied by any out of plane lateral bending 
effect. The nature of the moment to cause this bending effect 
to the beam is shown by the sketches on Fig 8.78, along with 
the probable force system which caused it. As the lateral 
effects of the hydrostatic pressure caused the linear form of 
the dent to deform radially inwards into the shell in a concave 
manner then couples would be induced into the repair beam at 
its points of fixity which would cause the repair beam to 
increase its curvature and result in the present bending 
effect. Prior to the initial failure, the nature of the 
bending effects on the beam reversed this being accompanied by 
a significant drop in the magnitude of strain through the beam. 
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The distribution of strain on the flange and web of repair beam 
#2, this being where the dent was imposed on the shell, are 
shown for positions No 11 and No 15 respectively by Fig 8.79. 
The general behaviour of this repair beam, before and after the 
initial collapse, was identical with that discussed previously, 
excepting that after the initial failure when the nature of the 
bending effects across the beam section reversed their absolute 
magnitude remained approximately the same. Throughout the 
initial part of the test, the strain gauges mounted on the web 
indicated that it was being subjected to out of plane bending, 
the nature of this effect being to cause the beam to deform 
outwards in a concave manner. The nature of this bending 
reversed after the initial collapse of the shell. 
The distribution of strain on the flange and web of repair beam 
#3, these positions being denoted as No 12 and No 16 
respectively, are shown by Fig 8.80. The general behaviour of 
this beam was similar to that discussed previously, except that 
no out of plane bending of the web was present throughout the 
test and at the point of the initial failure the nature of the 
bending effects to the beam remained constant but with 
significantly reduced magnitudes. 
The distribution of strain on the flange and web of repair beam 
#4, these positions being denoted as No 13 and No 17 
respectively, are shown by Fig 8.81. The behaviour of this 
beam during the early phase of the test was opposite to that of 
the other beams reported previously insofar as the nature of 
the beam bending was concerned. In this case, the flange and 
web were subjected to tensile and compressive strains 
respectively, these increasing in a linear manner until the 
hydrostatic pressure was 0.25N/mm2. Thereafter, both effects 
steadily reduced in magnitude in a slightly non-linear manner 
until just prior to the initial failure when the strain effects 
were virtually negligible and the nature of the beam bending 
reversed. 
The radial deformations at positions t, v, wr, xr and yr 
located on the shell and its curved repair beams are shown by 
Fig 8.82. 
At position 't', which was located at the mid height of panel 
'cd' adjacent to the dent, the panel deformed inwards in a 
linear manner up to a depth of 0.15mm or 25% of the plate 
thickness under the lateral effects of a 0.06N/mm2 hydrostatic 
pressure. Thereafter the deformation increased in an 
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increasingly non-linear manner until failure occurred. The 
behaviour of the panel indicated that the presence of the 
curved repair beams did little to retard the panel from 
deforming inwards under the lateral pressure effects. 
At position v, located on the panel towards the extremity of 
the dent and 7mm from the end fixity weld of repair beam #2, 
the panel deformation was outward, this effect being coincident 
with the localised behaviour of the bulge which was known to 
exist there. 
At position wr and yr, located at the mid spans of curved 
repair beams #1 and #3 respectively, both displacements were 
inwards, their magnitudes being coincident with each other up 
to a pressure of 0.2N/mm2, thereafter each following its own 
slightly non-linear path until the initial failure. The 
inwards displacement of the beams confirmed the nature of the 
bending at strain gauge positions No 10/14 and No 12/16 
discussed previously. 
At position xr, located at the mid span of curved repair beam 
#2, the displacement was again inwards, but with twice the 
magnitude of that at wr and yr on beams #1 and #3. 
As stated previously, after the initial collapse the model was 
re-installed within the hyperbaric chamber and tested until 
overall structural collapse occurred. On removal from the 
testing rig, prior to being photographed, it was observed that 
the model had deformed about its circumference into exactly 
seven buckles. This photograph, shown by Fig 8.83, shows that 
each of the buckles had extended over the total height of the 
shell. Little further deformation to the curved repair beams 
was evident. 
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8.4 TEST REPORT FOR MODEL C5 
8.4.1 Method of Repair and Model Instrumentation 
This model was repaired using the same general strategy as that 
on Model C4, excepting that to stabilise the damaged zone of 
the shell against excessive structural deformation resulting 
from an initial failure a number of steel ties were used to 
anchor the shell to the curved repair beams. 
The design of the curved repair beams and their associated ties 
is shown by Fig 8.84. Each tie was TIG welded to the flange of 
the repair beam at is top and bottom edges and similarly at its 
point of fixity to the shell. A single tie was located at the 
mid spans of repair beams #1 and #3, these being denoted as 'p' 
and 's' respectively. On repair beam #2 two ties were located 
on a 40mm pitch arranged equidistant about the dent centreline. 
Due to the lack of any significant residual radial deformation 
to the shell and internal ring stiffener #4 from the denting 
test, a tie was not used. However, to stabilise that region of 
the shell against any inwards radial displacement, the web of 
repair beam #4 was TIG welded to the shell using 10mm fusion 
runs. 
This model was strain gauged after being dented. The layout, 
shown by Fig 8.85, was designed to determine the magnitude of 
the direct forces present in each of the four ties during both 
hydrostatic and axial compressive elastic tests as well as the 
collapse test. The type of strain gauge used was an EA-06- 
031DE-120, this being mounted to the top and bottom face of 
each of the steel ties. 
To determine whether the length of the tie was sufficiently 
long to allow the load to diffuse into it, without incurring 
unacceptably high errors at the strain gauge locations, use was 
made of the LUSAS finite element programme. This confirmed 
that the design of the tie was acceptable. 
At position No 1, a single element strain gauge of type CEA-06- 
062UW-120 was bonded to the outer surface of the flange on 
repair beam #2 at its mid-span. This strain gauge was intended 
to determine the nature of the bending effects within the 
repair beam by monitoring the changes in its curvature. The 
layout of the displacement transducers on the model is shown by 
Fig 8.86. 
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8.4.2 Description of Denting Test 
The denting procedure for this test was identical to that 
described in Section 8.3.2 for Model C4 and followed the 
general lines of that described in Chapter 5. The test 
terminated when a 5.1mm residual dent had been imposed on the 
upper of the two ring stiffeners which bounded the middle bay. 
The results of the denting test was shown graphically in Fig 
8.87 and Fig 8.88. 
The graph of load vs dent displacement as monitored by the 
Instron chart recorder is shown by Fig 8.87. The general form 
and behaviour of this trace was in almost perfect agreement 
with that shown by Fig 8.8 from the previous test on Model C4. 
This observation was confirmed by the derived trace of load vs 
residual dent depth shown by Fig 8.88 where for comparative 
purposes the points from Model C4 were included. 
8.4.3 Description of Post Repair Elastic Tests under Hydrostatic 
Pressure and Axial Compressive Loading 
After the model had been repaired two elastic tests were 
performed, the first under hydrostatic pressure and the second 
under axial compressive loading. 
The model was installed within the Hyperbaric Rig and its 
instrumentation connected and initialised as discussed in 
Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.01N/mm2 up to a 
maximum pressure of 0.138N/mm2 the needle valve was closed to 
permit strain gauge and displacement transducer data to be 
recorded. On depressurisation the strain gauge and 
displacement transducers returned to their original datums 
therefore the shaft of the loading head assembly was connected 
to the Instron actuator without further re-initiatisation of 
the strain gauges. 
The axial compressive test commenced by applying a slowly 
increasing ramp to the model under "load control" conditions. 
On initial transfer to load control a set of data was recorded 
at 0.9kN and thereafter at approximately 2.5kN increments until 
a maximum load of 30kN had been attained. The ramp was then 
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reversed until at 0.9kN and model was transferred back to 
displacement control to unload it completely. 
The graphical results of the elastic tests under hydrostatic 
pressure and axial compressive loading for the post repaired 
model are presented in Fig 8.89 to Fig 8.94 and Fig 8.95 to Fig 
8.100 respectively. 
a) Hydrostatic Test 
The distributions of direct strain measured at the top and 
bottom faces of the ties 'p', 'q', 'r' and 's' are shown by Fig 
8.89 to Fig 8.92 respectively. 
Tie pairs 'p' and 'q' these being located 20mm on either side 
of the dent centreline coincident with the dent crease, 
anchored repair beam #2 to its mating internal ring stiffener. 
The distributions of direct strain on the surface of tie 'p' 
and across the section of tie 'q' are shown by Fig 8.89 to Fig 
8.90 respectively. At tie 'q' the average direct strain across 
the section was 40 microstrain when the hydrostatic pressure 
was 0.138N/mm2. To determine how efficient this tie was in 
reacting against the radially inwards lateral thrust of the 
hydrostatic pressure the following approach was taken. 
At a pressure of 0.138N/mm2, the membrane strain in the tie was 
40V strain, hence the load was 
Load = 52 x [40 x 10-6 x 205 x 103] 
= 205N 
Hence the width of the area is 
Width 205 = 37.4mm 
0.137 x 40 
A similar calculation for tie 's', this being located at the 
mid span of repair beam #3, showed that the effective reaction 
area was 1010mm2. These effective areas of reaction about ties 
'q' and 's' are shown in the sketch overleaf, where it has been 
assumed that the tie would be effective over the full half 
height of each of the adjacent panels. 
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The radial deformations at positions v, wr, yr, xr and t, 
located on the shell and its curved repair beams, are shown by 
Fig 8.94. By comparison with the results from the previous 
test on Model C4, shown by Fig 8.44, the effect of the ties was 
to reduce the inwards radial deflection of the panel at 
position 't' by approximately half and also cause the repair 
beams at positions xr, wr and yr to increase their radial 
deformation inwards by between 50% to 100% of their previous 
magnitudes. This increased inwards radial deflection resulted 
from the lateral pressure effect on the panels at the damaged 
zone being transferred into the repair beams by means of the 
ties. 
The strain distribution at position No 1 on the outer surface 
of the flange of repair beam #2 is shown by Fig 8.93. The 
magnitude of this distribution was approximately 10 times 
greater than that shown by Fig 7.40 for the same location on 
Model C4. The increased compressive nature of this strain was 
coincident with the repair beam decreasing its curvature as it 
deformed under the tensile action of ties 'q' and Y. 
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b) Axial Compressive Test 
The distributions of direct strain measured at the top and 
bottom faces of the ties 'p', 'q', 'r' and 's' are shown by Fig 
8.95 to Fig 8.100 respectively. The nature of the surface 
strains on each of the ties was tensile, indicating that the 
inwards radial displacement of the dent, caused by the 
'pinching effect' of the axial compressive loading, was able to 
overcome the natural outwards displacement of the shell caused 
by the Poisson's effect. Study of the distribution of radial 
deflection at the five locations on the repair beams and shell 
shown by Fig 8.100, indicate that at location 't' on panel 'cd' 
and repair beam #3, the Poisson's effect was of sufficient 
magnitude to cause these locations to deform radially outwards 
against the general inwards movement of the dent crease. This 
inwards movement of the mid span of repair beam #2 is further 
evidenced by the compressive nature of the strain on the outer 
surface of the beam's flange shown by Fig 8.99. 
8.4.4 Description of Collapse Test 
Due to the period which had elapsed between this and the 
previous tests the strain gauges were re-initialised to return 
their datums to zero. 
The testing procedure was similar to that described for the 
hydrostatic elastic test except that the differential pressure 
valve was set to close when the system pressure attained 0.5N/ 
mm2 above atmospheric. 
During this phase of the test data was recorded at pressure 
intervals of 0.034N/mm2 up to a pressure of 0.483N/mm2. A 
final set of data was then recorded when the system holding 
pressure of 0.5N/mm2 was attained. 
The second phase of the test began by transferring from 
displacement to load control, the manual connection of the 
loading head assembly to the load cell having been made 
previously. On transfer to a mean load level of 2.27kN a set 
of data was recorded. The axial compressive ramp then 
commenced, this being terminated at approximately 2.5kN 
intervals to permit strain gauge and displacement transducer 
data to be logged. 
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Immediately after the recording of data at a load level of 25kN 
the model collapsed. The manner of failure indicated that the 
model had collapsed completely, evidenced by the displacement 
trips on the Instron actuator cutting the hydraulic power. 
This procedure was essential if deformation to the shell was to 
be kept to minimal levels. Removal of the pressure vessel from 
the rig confirmed that this had been the case. 
The results of the collapse test, both photographic and 
graphical are shown in Fig 8.101 to Fig 8.115. 
This model failed when an axial compressive load of 24.9kN, 
which had been applied to the model while being subjected to a 
hydrostatic pressure of 0.5N/mm2 caused total structural 
collapse of the shell. This failure condition represented a 
substantial increase in load carrying capacity over the 
previous result for Model C4 which had sustained extensive 
structural deformation at a hydrostatic pressure of 0.43N/mm2. 
This increase in strength of the shell can be attributed to the 
addition of the steel ties whose action was to stabilise the 
damaged zone of the shell against the lateral effects of the 
hydrostatic pressure. 
The trace of hydrostatic pressure and axial compressive load 
are shown by Fig 8.101. 
On removal from the testing rig the model was photographed to 
record the mode into which the shell and the repair beams had 
deformed. These photographs, shown by Fig 8.102 and Fig 8.103 
illustrate the overall deformation to the repaired region of 
the shell and the internal surface of the model respectively. 
As previously observed on model C4 the shell had deformed into 
seven buckles which had extended over the full length of the 
shell. 
The distributions of strain on the ties 'p', 'q', 'r' and 's' 
are shown for both hydrostatic and axial compressive phases of 
the collapse test by Fig 8.104 to Fig 8.111 respectively. At 
tie 'q', located on repair beam #2 and shown for both test 
phases by Fig 8.106 and Fig 8.107, the initial nature of the 
loading within the tie was tensile, this being linear up to a 
hydrostatic pressure of 0.35N/mm2, thereafter becoming 
increasingly non-linear until the holding pressure of 0.5N/mm2 
had been attained. The addition of the axial compressive load 
returned the tie behaviour to a linear form, this remaining 
until collapse. At tie 's', located on repair beam #3 and 
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shown for both test phases by Fig 8.110 and Fig 8.111, the 
general behaviour was similar to that of tie 'q'. 
At position No 1, located on the outer surface of the flange on 
repair beam #2 and shown by Fig 8.112 and Fig 8.113 for both 
test phases, the nature of the strain was compressive attaining 
approximately 0.5 of a yield strain at the system holding 
pressure of 0.5N/mm2. During the subsequent addition of the 
axial compressive load the magnitude of the strain remained 
constant throughout its application indicating that no change 
to the curvature of the repair beam was occurring at its mid 
span. 
The radial deformations of the shell at positions v, wr, xr, yr 
and t are shown for both phases of the collapse test by Fig 
8.112 and Fig 8.113. By comparison with the distribution shown 
by Fig 8.82 for the hydrostatic phase of the collapse test on 
Model C4, the magnitudes of the four radial displacements 
coincident with the centreline of the dent has been 
significantly reduced, this being directly attributable to the 
presence of the steel ties. At position 'v', located adjacent 
to the point of fixity of repair beam #2 to the shell, the 
magnitude and general form of its distribution was identical 
with that on Model C4, this indicating that the addition of the 
ties to the repair beams had not altered the behaviour of the 
shell adjacent to its panel of fixity to the beam. The 
addition of the axial compressive load caused no further radial 
movement at any of the five transducers, their distributions 
remaining virtually constant up to the point of failure. 
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8.5 TEST REPORT FOR MODEL C12 
8.5.1 General Description of Test 
This model was tested in the 'as perfect' manufactured 
condition after it had been delivered to the University to be 
surveyed for imperfections. 
The purpose of this test was to obtain a reference point from 
which all other similar 5 bay, flat bar ring stiffened models 
tested under combined loading conditions with the hydrostatic 
pressure at 0.5N/mm2 could be compared. 
The setting-up procedure in the test rig was identical to that 
discussed previously in Chapter 5. 
The test commenced by allowing air to enter the system via a 
differential pressure switch set to switch off when the system 
pressure was 0.5N/mm2 above atmospheric. When the system 
holding pressure had been attained the actuator, which prior to 
the commencement of the test had been coupled to the loading 
head assembly of the model under position control conditions, 
was transferred to 'load control' with a demand signal of M. 
The axial compressive ramp then commenced this time increasing 
continuously with interruption for data logging until at a load 
of 96.5kN the model collapsed, this being evidenced by the 
displacement trips, which monitored the end shortening of the 
model, cutting the hydraulic power to the actuator. 
The model collapsed when an axial compressive load of 96.5kN 
had been applied while under the action of a hydrostatic 
pressure of 0.5N/mm2. 
The results of the collapse test, both graphical and 
photographic, are shown in Fig 8.116 to Fig 8.117. 
The trace of both hydrostatic pressure and axial compressive 
load are shown by Fig 8.116. As air was the pressurising 
medium the system pressure remained constant after failure. 
The model was prevented from further collapse by the presence 
of restraints positioned beneath the loadcell. 
On removal from the test rig the model was photographed, as 
shown by Fig 8.117, in order to record the collapse mode into 
which the shell had deformed. Extensive deformation was 
present on the upper two bays of the model indicating that 
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failure had probably been initiated 
stiffener #1 tripping. 
by the internal ring 
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8.6 TEST REPORT FOR MODEL C6 
8.6.1 Design of Repair and Model Instrumentation 
The design of the 'T' section curved beams used to repair the 
model is shown in Fig 8.118 along with relevant geometric and 
technical data. Each of the four beams was welded to the shell 
using TIG fusion runs along both sides of the web. Coincident 
with the practice adopted from Model C5 to stabilise the 
damaged shell from the external lateral effects of the 
hydrostatic pressure, the repair beams were anchored to the 
shell by a number of pairs of steel ties, these being denoted 
as 'p' to 's'. Tie pairs 'p' and 's' were located at the mid 
span of repair beams #1 and #4. Tie pairs q2 and r2 and q3 and 
r3 were located 10mm about the dent centreline on repair beams 
#2 and #3 respectively. 
This model was strain gauged prior to denting using the layout 
shown by Fig 8.119. The layout was designed to assess the 
extent to which the strains resulting from the denting 
procedure propagated in the circumferential and longitudinal 
directions about the vertical axis of the shell at the dent 
centreline and also to monitor the behaviour of the damaged 
shell during the subsequent elastic and collapse tests. 
To determine the resulting membrane stress effects induced 
within the panels by the imposition of the dent 900 orthogonal 
rosettes of the type CEA-06-062WT-120 were used, these being 
located along the vertical centreline of the dent. At 
positions No 1 and No 2 the rosettes were bonded to the upper 
two panels at their mid-panel height. At position No 5 on the 
middle bay the rosette was bonded 2mm offset from the panel 
centreline to avoid contact damage with the indenter bar. At 
positions No 3 and No 4 the rosettes were bonded close to the 
welded boundary of ring stiffener #2 and its two adjacent 
panels. 
At positions No 6 to No 9 single element strain gauges of the 
type EA-06-031DE-120 were bonded close to the free edge of the 
top and bottom faces of the upper two ring stiffeners, No 6 and 
No 7 being in line with the dent centreline and No 8 and No 9 
located 47nm from it. 
To monitor the direct strain induced within the tie pairs by 
the lateral effects of the hydrostatic pressure, a single 
element strain gauge of type EA-06-031DE-120 was bonded to the 
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outer surfaces of tie pairs q2 and q3 as shown by Fig 8.120. 
On repair beam #2, at a distance of 3mm from the termination of 
the fillet weld attaching the beam to the shell, strain gauges 
were bonded to the flange and web of the beam in order to 
determine the stress distribution through its cross-section. A 
single element strain gauge type CEA-06-062WT-120 was bonded to 
the outer surface of the flange and a pair of single element 
gauges type EA-06-031DE-120 were located on opposite faces of 
the web close to its free edge. 
To determine the radial displacements in the vicinity of the 
dented region of the shell, before and after being repaired, a 
number of displacement transducers were positioned about the 
shell and the repair beams as shown by Fig 8.121. 
The model in its repaired and strain gauged state is shown by 
Fig 8.122. 
8.6.2 Description of Denting Test 
The operating procedure for this test was identical to that 
described in previous sections for Models C4 and C5 and 
followed the general lines of that described in Chapter 5. 
In this test the dent was imposed at the mid-height of the 
shell in panel 'cd'. 
The indenter penetrated the shell at a constant rate of 2.5mm/ 
min until a residual dent of 5.6mm, was formed. 
The results of the denting test, both photographic and 
graphical, are shown in Fig 8.123 to Fig 8.140. 
The trace of load vs dent displacement as monitored by the 
Instron chart recorder is shown by Fig 8.123. It can be 
observed that the penetrated dent depth and the applied load 
are reasonably linear up to a depth of 5mm, thereafter becoming 
slightly non-linear with increased load being required for 
further shell penetration. This effect would be coincident 
with a general "stiffening-up" of the shell due to the internal 
ring stiffeners being effected by the increasing radial 
penetration of the indenter. 
After the fourteenth indentation cycle, at which a 4kN applied 
load resulted in a 9mm radial penetration of the shell, a 
residual dent depth of 5.6mm was formed. 
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The trace of denting load to residual dent depth is shown by 
Fig 8.124. 
The deformation to external surface of the shell and the 
internal circumferential ring stiffeners is shown by Fig 8.125 
and Fig 8.126 respectively. 
8.6.3 Description of Pre and Post Repair Elastic Tests under 
Hydrostatic Pressure and Axial Compressive Loading 
Prior to the model being repaired two elastic tests were 
performed, the first under hydrostatic pressure and the second 
under axial compressive load. 
The model was installed within the Hyperbaric Rig and its 
instrumentation connected and initialised as discussed in 
Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.0138N/mm2 up to a 
maximum pressure of 0.138N/mm2 the needle valve was closed to 
permit strain gauge and displacement transducer data to be 
recorded. On de-pressurisation the strain gauges and 
displacement transducers returned to their original datums, 
therefore, the shaft of the loading head assembly was able to 
be connected to the Instron actuator without further re- 
initialisation of the strain gauges. 
After transfer of the ramp to 'load control' conditions with a 
demand signal of lkN a set of strain gauge and displacement 
transducer data was recorded. The axial compressive test then 
commenced by applying a slowly increasing ramp to the model, 
this being terminated at 2.5kN intervals to facilitate data 
being recorded, until a maximum load of 30kN had been applied. 
The ramp was then reversed until at 1. OkN the model was 
transferred back to displacement control to unload it 
completely. Once unloaded, the model was removed from the rig 
in preparation for its repair with the 'T' section curved 
beams. 
Subsequent to being repaired a further set of elastic tests 
under hydrostatic pressure and axial compressive loading was 
performed on the model using the same pressure and load 
increments as used on the two tests described in the previous 
section. 
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The graphical results of the pre and post repair elastic tests 
under hydrostatic pressure are shown by Fig 8.141 to Fig 
8.159. 
a) Hydrostatic Pressure 
The pre and post repair distributions of longitudinal and 
circumferential stress for the strain gauge rosettes No 1 to 5 
are shown by Fig 8.141, Fig 8.143, Fig 8.145, Fig 8.147, Fig 
8.149 and Fig 8.142, Fig 8.144, Fig 8.146, Fig 8.148 and Fig 
8.150 respectively. 
At position No 1, located at the mid height of panel 'ab' and 
coincident with the dent centreline, the longitudinal stress 
distribution is shown by Fig 8.141. The pre repair 
distribution of membrane stress was linear and equal in 
magnitude to the nominal distribution determined by simple 
shell theory but, being tensile, was opposite in sign. The 
effect of the repair beam on the panel, the nearest being that 
coincident with the internal ring stiffener #1, was to reduce 
the membrane distribution to near zero. Panel bending, which 
prior to repair had been equal to 2.5 times the membrane value, 
was reduced in absolute value by a factor of over three times. 
The corresponding distribution of circumferential stress is 
shown in Fig 8.142. In this case the pre and post repair 
membrane stress distributions were coincident with the nominal 
distribution indicating that as far as the membrane effect was 
concerned the behaviour of the panel was transparent to the 
addition of the repair beams. Bending effects in the 
circumferential direction, which had been equal to 68% of the 
membrane value prior to being repaired, reduced to almost pure 
membrane action with its nature being reversed. 
At position No 2, located at the mid height of panel 'bc' and 
coincident with the dent centreline, the longitudinal stress 
distribution is shown in Fig 8.143. In this case the behaviour 
of panel was very similar to that discussed previously for 
position No 1 excepting that the bending in the post repaired 
panel reduced by only approximately 28% over its pre repair 
value. In the circumferential direction, shown by Fig 8.144, 
the effect of the repair on the membrane stress was to make it 
become coincident with the nominal distribution having 
previously been in excess of the nominal by some 35%. 
At position No 3, located on panel 'cb' immediately adjacent to 
internal ring stiffener #2 and coincident with the dent 
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centreline, the longitudinal stress distribution is shown by 
Fig 8.145. In this position the pre and post membrane stress 
distributions were coincident with one another and equal to 
some 60% of the nominal distribution. Significant panel 
bending was present before and after the repair. The nature of 
this bending, with tensile and compressive effects being on the 
external and internal panel surfaces respectively, was 
coincident with deformation resulting from the curvature of the 
panel increasing at the panel/ring stiffener boundary caused by 
the effects of the hydrostatic pressure. In the 
circumferential direction, shown in Fig 8.146, the effect of 
the repair on the membrane stress was to reduce its magnitude 
by a factor of 2.5 times which resulted in it being 
approximately equal to 70% of the nominal distribution. The 
effect of the repair also caused the bending stresses within 
the panel to decrease by a factor of 6 times from their 
previous level. 
At position No 4, located on the panel of the imposed damage 
'cd' immediately adjacent to internal ring stiffener #2 and 
coincident with the dent centreline, the longitudinal stress 
distribution is shown by Fig 8.147. At this location the pre 
repair membrane distribution of the panel was highly tensile 
being some 2.5 times its nominal compressive value. This 
tensile nature resulted from the panel being stretched as the 
lateral effects of the hydrostatic pressure caused the dented 
panel to deform radially inwards. In the post repaired 
condition this tensile action was almost eliminated due to the 
increased stiffness that the repair beams provided to the 
internal ring stiffeners in preventing the inwards deformation 
of the dented zone and in general the whole damaged region. 
Pre repair bending effects in the panel were of the order of 
the membrane value and this remained constant after the repair 
resulting in a condition of almost pure panel bending. The 
nature of the bending was coincident with the local curvature 
of the panel increasing. In the circumferential direction, 
shown by Fig 8.148 the effect of the repair was to reduce the 
pre repair membrane distribution of twice the nominal value to 
approximately 60% of it. Similarly, panel bending reduced from 
its pre repair value of 32% of the membrane to one of pure 
membrane action. 
At position No 5, this being located along the line of the 
imposed dent at the mid height of panel 'cd' and coincident 
with the dent centreline, the longitudinal stress distributions 
are shown by Fig 8.149. The pre and post repair membrane 
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behaviour of the panel at this position was coincident with 
that discussed previously at position No 4 excepting that in 
this case with the strain gauge being on the centreline of the 
dent the tensile action was induced by the vertical components 
of the hydrostatic pressure causing the dent crease to stretch. 
In the circumferential direction, shown by Fig 8.150, the 
effect of the repair was to reduce the almost pure tensile 
nature of the membrane distribution to one of pure bending in 
which the nature of this bending, with the tensile and 
compressive stresses being on the internal and external 
surfaces respectively, was coincident with the straight line of 
the dent crease deforming into a concave manner under the 
action of the hydrostatic pressure. 
At positions No 6 and No 7, located close to the free edges of 
internal ring stiffeners #1 to #2 coincident with the 
centreline of the dent, their distributions of circumferential 
membrane strain are shown by Fig 8.151 and Fig 8.152 
respectively. At position No 6 on internal ring stiffener #1 
the addition of the repair beams had little significant effect 
on the behaviour of the stiffener, this as may be expected 
having a tensile distribution. At position No 7 on internal 
ring stiffener #2 the pre repair strain distribution was some 
three times more tensile than that at position No 6. This 
additional tensile action resulted from the inwards deformation 
of the ring stiffener caused by the lateral effects of the 
hydrostatic pressure being added to the inherent tensile nature 
of the stiffener. The effect of the repair beams was to 
eliminate much of this inwards deformation resulting in 
significantly lower tensile strain levels from within the 
stiffener. 
At positions No 8 and No 9, located close to free edges of 
internal ring stiffeners #1 and #2 some 47mm distant from the 
centreline of the dent, the distributions of circumferential 
membrane strain are shown by Fig 8.153 and Fig 8.154 
respectively. The compressive nature of both distributions, 
caused by a reduction in the curvature of the internal 
stiffeners, shows that these locations represent the limit of 
the damaged zone where the tensile nature of the inwards radial 
deformation of the dented zone reduces to become compatible 
with the shell's normal undamaged elastic behaviour. 
At positions No 10 and No 11, located on the flange and web of 
repair beam #2 adjacent to its welded point of fixity, the 
distributions of circumferential strain are shown in Fig 8.155. 
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This graph showed that the strain distributions from all three 
strain gauges behaved in a linear fashion and were all 
compressive in nature. Those gauges located at the free edge 
of the web confirmed that the out of plane bending was only 6% 
of the membrane value. The compressive nature of the strain 
distribution on the flange suggests that the direct compressive 
strains which would be induced in the repair beam via it fixity 
welds by the shear lag effect were sufficiently great to 
counter any tensile effects resulting from the beam deforming 
radially inwards by the pull from the tie pair q2 and r2. When 
the test was terminated at a pressure of 0.068N/mm2 the 
membrane strain level in the web of the repair beam had just 
attained a level equal to the tensile yield. 
Tie pairs q2 and r2 were located on repair beams #2 and #3 and 
had strain gauges bonded to their upper and lower surfaces 
these locations being denoted as positions No 12 and No 13 
respectively. As both tie pairs were located symmetrically 
about the dent it would be expected that this would reflect 
itself in a high degree of behavioural symmetry in the strain 
distributions obtained from the tie pairs. The strain 
distribution from position No 12 on tie pair q2, shown in Fig 
8.156, indicates by its tensile nature that it was reacting to 
the radial thrust of the hydrostatic pressure on the panel by 
transferring this load into the repair beams. At position No 
13, shown in Fig 8.157, the behaviour of the upper tie of r2 
provided good comparability with its counterpart or q2, 
however, this was not so evident with the lower tie. This 
result indicated that some rotation of the tie may have been 
present. The efficiency by which the tie pairs succeeded in 
reacting the lateral effects of the hydrostatic pressure may be 
determined by the following calculation. 
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The pre and post repair radial deformations are shown by Fig 
8.158 and Fig 8.159 respectively. The reduced post repair 
deformations demonstrate the effect that the curved repair 
beams had in restraining the damaged region of the shell from 
moving radially inwards under the lateral pressure action. 
The radially outwards deformation at position z, this being on 
a bulge at the extremity of the dent, was similarly reduced 
after being repaired. This probably was due to the additional 
stiffness which the panel received from its close proximity to 
the fixity welds of repair beams #2 and #3. 
b) Compressive Loading 
The graphical results of the pre- and post-repair elastic tests 
under axial compressive loading are shown by Fig 8.160 to Fig 
8.178. 
The distributions of longitudinal and circumferential stress at 
positions No 1 to No 5 are shown by Fig 8.160, Fig 8.162. Fig 
8.164, Fig 8.166, Fig 8.168 and Fig 8.161, Fig 8.163, Fig 
8.165, Fig 8.167 and Fig 8.169 respectively. 
At positions No 1 and No 2, located at the mid height of panels 
'ab' and 'bc' and shown in Fig 8.160 and Fig 8.162 
respectively, the effect of the addition of the repair beams 
was to increase the level of longitudinal membrane stress that 
the panels were capable of carrying, this increase being 
approximately a factor of two in the case of position No 1 and 
a half in the case of position No 2. Bending effects within 
the panels were not altered significantly by the addition of 
the repair, the previous absolute values remaining constant. 
At position No 1 the post repaired longitudinal membrane 
distribution was half the nominal with that at position No 2 
rather less at approximately 38%. 
At position No 3, located on panel 'bc' adjacent to the 
internal ring stiffener #2, the distributions of longitudinal 
stress are shown by Fig 8.164. As with positions No 1 and No 2 
the effect of the repair was to increase by approximately 50% 
the membrane stress carrying capability within the panel but 
even in the repaired conditions this only amounted to some 32% 
of the nominal value. In the post repaired condition panel 
bending was significantly reduced being less than 20% of the 
previous absolute value. 
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At position No 4, located on the dented panel 'cd' adjacent to 
the internal ring stiffener #2, the distributions of 
longitudinal stress are shown by Fig 8.166. Prior to being 
repaired this portion of the panel was unable to support any 
membrane stress and was essentially in a state of pure bending. 
Subsequent to being repaired its membrane carrying ability 
increased to approximately 42% of the nominal distribution. 
This increase in membrane action was not accompanied by a 
reduction in bending action, the absolute value of stress on 
the surfaces of the panel remaining approximately constant. 
At position No 5, located on panel 'cd' coincident with the 
dent centreline, the distributions of longitudinal stress are 
shown by Fig 8.168. 
The distributions of circumferential stress at positions No 1 
to No 5, located either at the mid height of a panel or 
adjacent to internal ring stiffener #2, are shown by Fig 8.161 
to Fig 8.169 respectively. 
In an undamaged shell, equilibrium conditions required that 
there would be no circumferential stress present in the panel, 
the strain present there resulting from the Poisson's effect. 
This was generally the case for positions No 1 to No 4, but at 
position No 5 the membrane value did attain approximately 
-20N/mm2, this distribution remaining unaltered by the addition 
of the repair beams. The addition of these beams did reduce by 
a factor of three the absolute value of the bending stresses 
within the panel. 
The distribution of circumferential membrane strain at 
positions No 6 to No 9, located at the leading edges of the 
internal ring stiffeners #1 and #2 as shown by Fig 8.120 are 
shown by Fig 8.170 to Fig 8.173. 
The pre and post repair behaviour of the internal ring 
stiffener #1 and its associated repair beam can be obtained 
from the distributions of strain obtained from positions No 6 
and No 8, located on the internal ring stiffener and shown by 
Fig 8.170 and Fig 8.173 respectively. Under the action of an 
axial compressive load the pre repair natural behaviour of the 
shell would have been to deform radially outwards into the 
characteristic "barrel" shape. As a result of the imposition 
of the damage to panel 'cd', all the internal ring stiffeners 
suffered some degree of structural deformation with that on 
rings #1 and #4 being rather less than that on #2 and #3. This 
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deformation would be of a general flattening of the ring 
stiffener with the greatest reduction in curvature coincident 
with the dent centreline. In this condition, any tendency for 
the stiffener to displace radially outwards to recover their 
previous circular form would induce compressive strains to 
recover its previous circular form would induce compressive 
strains on its free or leading edge as shown by Fig 8.170 for 
position No 6. At position No 8, located some distance from 
the damaged zone where the transition of the damaged zone 
merged with the undamaged shell the curvature of the ring 
stiffener was at its greatest value, therefore, any radially 
outward displacement of the ring stiffeners would cause tensile 
strains to be induced in the free or leading edge of the 
stiffeners. This behaviour is confirmed by the strain 
distribution shown by Fig 8.172. The effect of welding the 
repair beam to the shell was to increase the local stiffness of 
the shell against the naturally outwards radial movement of the 
shell with the resulting effect that the nature of the strain 
distributions at positions No 6 and No 8 reversed. 
The pre and post repair behaviour of the internal ring 
stiffener #1 and its associated repair beam can be obtained 
from the distributions of strain obtained from positions No 7 
and No 9 located on the internal ring stiffener and shown by 
Fig 8.171 and Fig 8.173 respectively. In the vicinity of these 
locations, which were on the stiffeners immediately adjacent to 
the dented panel, the natural tendency of the ring to displace 
outwards under the effects of the applied loading would have 
been opposed by the "pinching effect" of the dent, which caused 
the dent crease to displace radially inwards, so inducing 
tensile strains on the leading edge of the stiffener ring at 
position No. 7, this being coincident with the centreline of 
the dent. At position No 8 on the ring stiffener, this being 
where the curvature of the ring was greatest due to its 
proximity to the transition point between the damaged and 
undamaged regions, the effect of the inwards displacement at 
position No 7 was to further increase the curvature, this being 
evidenced by the increasing compressive strain distribution at 
the leading edge shown by Fig 8.171. The effect of welding the 
repair beam to the shell had little effect on the strain 
distributions at either position No 7 or No 9, the tensile 
distribution at position No 7 being reduced by approximately 
20% and the compressive nature of the distribution at position 
No 9 only marginally increasing its absolute value. 
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Further evidence of the "pinching" effect at the dented crease 
can be seen from the distributions of strain on repair beam #2 
at positions No 10 and No 11 and tie pairs r2 and r3, these 
being shown by Fig 8.174 to Fig 8.176 respectively. At load 
levels up to lOkN both the flange and membrane strain 
distributions within the web were tensile, this behaviour being 
coincident with the beam acting as a restraint against the 
growth in circumferential strain of the shell resulting from 
the Poisson's effect of the applied loading. Above this load, 
the inwards radial displacement of the dent crease and dented 
zone generally, shown by positions t, x' and xr in Fig 8.178, 
caused the repair beam to be drawn radially inwards into the 
shell with compressive strains being induced at the free or 
leading edge of the web as shown by Fig 8.174. Coincident with 
this general inwards radial movement of the dented zone are the 
direct tensile strains within tie pairs r2 and r3, shown by the 
distributions in Fig 8.175 and Fig 8.176. These tie pairs, 
being welded at their ends to the panel and repair beam, 
transmitted the restraining pull, which limited the inwards 
radial displacement of the dented zone, into the repair beams. 
8.6.4 Description of Collapse Test 
This test was performed subsequent to the previous elastic 
tests. Due to the period which had elapsed from these tests 
the strain gauges were initialised to return their datums to 
zero. 
The testing procedure was similar to that described for the 
hydrostatic elastic test except that the differential pressure 
valve was set to close when the system pressure attained 0.5N/ 
mm2 above atmospheric. During this phase of the test, data was 
initially recorded at pressure intervals of 0.034N/mm2, but 
this interval was reduced to 0.017N/mm2 subsequent to the 
pressure exceeding 0.48N/mm2. A final set of data was then 
recorded when the system holding pressure of 0.5N/mm2 was 
attained. 
The second phase of the test began by transferring from 
displacement to load control, the manual connection of the 
loading head assembly to the load cell having been made 
previously. On transfer to a mean load of 0.75kN a set of data 
was recorded. The axial compressive ramp then commenced, this 
being terminated at approximately 2.5kN intervals to permit 
strain gauge and displacement transducer data to be logged. 
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Immediately after the recording of data at a load level of 
42.5kN the model collapsed. The manner of failure indicated 
that the model had collapsed completely as the displacement 
trips on the Instron actuator had cut the hydraulic power. 
This procedure was essential if deformation to the shell was to 
be kept to reasonable levels. 
In previous tests the setting of the displacement trips had 
been sufficiently sensitive to prevent excessive damage to the 
collapsed shell. In this condition the model was not totally 
unloaded as the hydrostatic pressure effects of the compressed 
air were still present, these however, never being of 
sufficient magnitude to continue the deformation. This was not 
the case with this test, as several seconds after the model had 
collapsed onto its limit stops a sudden release of compressed 
air, accompanies by a very large bang, was heard to come from 
the access hole in the circular flange of the testing rig. The 
condition of the laboratory atmosphere, which had become heavy 
with sand and araldite dust, left little doubt that the shell 
boundary had failed. 
The results of the collapse test, both photographic and 
graphical, are shown in Fig 8.179 to Fig 8.217. 
This model failed when an axial compressive load of 42.5kN, 
which had been applied to the model while being subjected to a 
hydrostatic pressure of 0.5N/mm2 caused total structural 
collapse of the shell. This failure condition represented a 
substantial increase in load carrying capacity over that 
obtained from identical models, denoted as Rl and R2, tested on 
a previous research project which investigated the effects of 
damage under combined loading conditions. In that contract 
both models sustained extensive structural deformation of the 
'premature failure' type at a hydrostatic failure of 0.39N/mm2. 
The trace of hydrostatic pressure and axial compressive load 
are shown by Fig 8.179. 
On removal from the testing rig the model was photographed to 
record the mode into which the shell and the repair beams had 
deformed. These photographs, shown by Fig 8.180 and Fig 8.181, 
illustrate the overall deformation to the repaired region of 
the shell and the internal surface of the model respectively. 
The deformation resulting from the model being extruded out of 
its boundary is clearly visible and is a more accurate 
representation of the condition a shell would deform into under 
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true hydrostatic conditions. 
The longitudinal stress distributions at positions No 1 to No 5 
are shown for both the hydrostatic and axial compressive phases 
of the collapse test by Fig 8.182 and Fig 8.183, Fig 8.186 and 
Fig 8.187, Fig 8.190 and Fig 8.191, Fig 8.194 and Fig 8.195, 
Fig 8.198 and Fig 8.199 respectively. 
At position No 1, located at the mid height of panel 'ab' and 
shown by Fig 8.182, the membrane stress was marginally 
compressive until the hydrostatic pressure exceeded 0.35N/mm2, 
whereupon it suddenly increased in magnitude to 58% of the 
nominal stress value, remaining this way until the 0.5N/mm2 
holding pressure had been attained. As the rate at which both 
the membrane and surface stress distributions remained constant 
before and after the perturbation it should be concluded that 
this effect was the result of some body movement within the 
shell rather than a response to a change in the applied 
loading. Initially, the panel was in a state of almost pure 
bending, this altering to a value of 71% of the actual membrane 
stress above the pressure level of 0.35N/mm2. The addition of 
the axial compressive load, shown by Fig 8.183, caused the rate 
of increase in membrane stress to fall to 51% of the nominal 
value just prior to failure. During this period the level of 
bending during both phases of the collapse test was coincident 
with the hourglass shape associated with external pressure 
loading, the test terminating before the Poisson's component of 
the axial compressive load could reverse this effect. 
At position No 2, located at the mid height of panel 'bc' and 
shown by Fig 8.184, the membrane strain was marginally tensile 
until the hydrostatic pressure exceeded 0.2N/mm2, thereafter 
becoming increasingly tensile in a non-linear manner until the 
holding pressure had been attained. The tensile nature of the 
membrane strain, which at the holding pressure of 0.5N/mm2 had 
attained half of a yield strain, indicated that the panel was 
being stretched in the longitudinal direction under the action 
of the lateral effects of the hydrostatic pressure. The 
addition of the axial compressive load, shown by Fig 8.185, had 
no significant effect on either the membrane or surface strain 
distributions, these remaining virtually constant during this 
second loading phase. The nature of the panel bending at this 
location was coincident with that at panel 'ab' where the 
internal and external surfaces were tensile and compressive 
respectively. 
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At positions No 3 and No 4, these being located adjacent to 
ring stiffener #2 on panels 'bc' and 'cd', the distributions of 
stress are shown by Fig 8.190 to Fig 8.191 and Fig 8.194 to Fig 
8.195 respectively. At position No 3 on panel 'bc' the 
membrane stress did show reasonable agreement in form with the 
nominal stress distribution, its non-linear form becoming 
greater with increasing hydrostatic pressure. At position No 4 
on panel 'cd'', the membrane stress action was much less than 
that present at position No 3, being almost negligible right up 
to a hydrostatic pressure of 0.3N/mm2. Thereafter, the 
distribution became increasingly compressive, albeit in a 
slightly non-linear manner. At both locations considerable 
panel bending was present, this being opposite in nature to 
that at positions No 1 and No 2, with the tensile and 
compressive stresses being on the external and internal 
surfaces respectively. The addition of the axial compressive 
load at both locations did not greatly increase the membrane 
and surface stress distributions, these remaining virtually 
constant with increased loading. 
At position No 5, this being located 2mm offset from the 
centreline of the dent on panel 'cd' and shown by Fig 8.198, 
the distribution of membrane stress was slightly tensile and 
reasonably linear over the entire hydrostatic ramp. The nature 
of the bending stresses associated with this tensile membrane 
effect indicated that the dented panel was being 'pinched' as 
well as stretched by the effects of the hydrostatic pressure. 
As with the other locations the addition of the axial 
compressive load, shown by Fig 8.199, did not increase the 
magnitude of the membrane distribution, however, its nature did 
reverse after a load of 25kN had been applied becoming briefly 
compressive before collapse. 
The circumferential stress distribution at positions No 1 to No 
5 are shown for both the hydrostatic and axial compressive 
phases of the collapse test by Fig 8.184 and Fig 8.185, Fig 
8.188 and Fig 8.189, Fig 8.192 and Fig 8.193, Fig 8.196 and Fig 
8.197, Fig 8.220 and Fig 8.201 respectively. 
At position No 1, located at the mid height of panel 'ab' and 
shown by Fig 8.184, the experimentally derived membrane stress 
was some 16% greater than that of the normal distribution. As 
with the distribution of longitudinal stress, shown by Fig 
8.182, a perturbation in both membrane and surface stress 
distributions occurred at 0.35N/mm2, the rates of increase in 
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stress remaining constant throughout the loading sequence. 
Bending effects within the panel were coincident with that of 
hydrostatic loading, with the panel curvature increasing with 
pressure. At the perturbation pressure the magnitude of this 
panel bending was approximately 20% of its membrane value, this 
figure increasing with additional pressure until it was equal 
to 29% of the membrane value at the holding pressure. As would 
be expected from equilibrium conditions, the addition of the 
axial compressive load, shown by Fig 8.185 had no effect on the 
membrane stress distributions. 
At position No 2, located at the mid height of panel 'bc' and 
shown by Fig 8.188, the experimentally derived membrane stress 
followed a linear distribution up to a hydrostatic pressure of 
0.3N/mm2, thereafter becoming increasingly non-linear up to the 
holding pressure of 0.5N/mm2. At the end of the linear region 
the membrane stress was only 15ý of the nominal value. Panel 
bending which had amounted to 1101 of the membrane value at 
0.3N/mm2 began to increase rapidly attaining 148 of the 
membrane value at the holding pressure. The addition of the 
axial compressive load, shown by Fig 8.189, had no effect on 
either the membrane or surface stress distributions. 
At position No 3, located on panel 'bc' adjacent to ring 
stiffener #1 and shown by Fig 8.192, the experimentally derived 
membrane stress followed a reasonably linear distribution up to 
a hydrostatic pressure of 0.2N/mm2, thereafter becoming 
increasingly non-linear up to the holding pressure. At a 
pressure level of 0.36N/mm2 the membrane and nominal stress 
distributions merged, the membrane having previously always 
been less than the nominal with its maximum deviation of 23ý 
occurring at a pressure level of 0.175N/mm2. The distribution 
of membrane and surface stresses during the axial compressive 
phase of the test, shown by Fig 8.193 were generally constant 
for the reasons discussed previously. 
At position No 4, located on panel 'cd' adjacent to ring 
stiffener #2 and shown by Fig 8.196, the distribution of 
membrane stress behaved in a similar manner to that at position 
No 3, excepting that its point of merger with the nominal 
distributions occurred at 0.5N/mm2 and its maximum deviation 
from the nominal stress was 23%, this occurring at 0.375N/mm2. 
Panel bending was minimal attaining only about 13% if the 
membrane stress through the loading range. The addition of the 
axial compressive load, shown by Fig 8.197, resulted in both 
membrane and surface distribution remaining constant at their 
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holding pressure values. 
At position No 5, located 2mm offset from the dent centreline 
on panel 'cd' and shown by Fig 8.200, a condition of almost 
pure panel bending existed with the membrane distribution 
reaching a maximum of 13% of its nominal value at a pressure 
level of 0.28N/mm2. With increasing pressure this ratio 
reduced until it attained zero at 0.45N/mm2, thereafter 
increasing in a tensile manner until the holding pressure of 
0.5N/mm2 was attained. The addition of the axial compressive 
load, shown by Fig 8.201, resulted in the membrane distribution 
remaining constant with the internal and external surface 
stresses increasing in a linear manner until failure. 
The distributions of circumferential strains at positions No 6 
to No 9, these being located at the leading edges of the ring 
stiffeners #1 and #2, are shown by Fig 8.202 to Fig 8.209 
respectively. 
At position No 6, this being located coincident with the dent 
centreline on internal ring stiffener #1, the distributions of 
strain for both phases of the collapse test are shown by 
Fig 8.202 and Fig 8.203 respectively. During the hydrostatic 
phase of the test, shown by Fig 8.202, the distribution of 
stain was tensile in nature and followed a linear distribution 
up to a pressure of 0.3N/mm2, thereafter becoming increasingly 
non-linear until at the holding pressure of 0.5N/mm2 the 
magnitude of the strain had attained approximately 40% of a 
yield strain. Out of plane bending of the ring stiffener was 
negligible up to a pressure of 0.3N/mm2 and amounted to only 
30% of the membrane value at the holding pressure. The 
addition of the axial compressive load to the model, shown by 
Fig 8.203, had no effect on either the membrane or surface 
strain distributions, these both remaining constant at their 
hydrostatic holding pressure levels. 
At position No 7, this being located coincident with the dent 
centreline, but on internal ring stiffener #2, the 
distributions of strain for both phases of the collapse test 
are shown by Fig 8.204 and Fig 8.205 respectively. The general 
behaviour at this position was identical with that discussed 
previously for position No 6, except that, at the holding 
pressure, the membrane strain level exceeded 1.6 times at the 
material's yield. First yield, based on the membrane 
distribution, was considered to have occurred at a pressure 
level of 0.425N/mm2. The addition of the axial compressive 
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loads to the model, shown by Fig 8.205, indicated by the 
gradual upwards drift of the tensile membrane strain that some 
movement of the dented region was taking place. This drift 
reached a maximum prior to collapse and was equal to 30% of the 
membrane strain at the hydrostatic holding pressure. 
At position No 8, this being located 48mm from the dent 
centreline on internal ring stiffener #1 and shown by Fig 
8.206, the nature of both the membrane and surface strain 
distributions were compressive during the hydrostatic phase of 
the test, the membrane attaining 90% of the tensile yield when 
the holding pressure had been achieved. At this pressure the 
out of plane bending effects were only 16% of the membrane. 
The addition of the axial compressive load to the model, shown 
by Fig 8.207, had no effect on either the membrane or surface 
strain distributions, these remaining constant throughout the 
loading phase at their previous holding magnitudes. 
At position No 9, this being located coincident with position 
No 8, but on internal ring stiffener #2, the distributions of 
strain for both phases of the collapse test are shown by Fig 
8.208 and Fig 8.209 respectively. First membrane yield 
occurred at a pressure of approximately 0.325N/mm2 as shown by 
Fig 8.208, and was accompanied by out of plane bending strains 
which amounted to 26% of the membrane level. At the holding 
pressure of 0.5N/mm2, the membrane strain had exceeded 1.7 
yield strains. The addition of the axial compressive load to 
the model, shown by Fig 8.209, had little effect on either the 
membrane or surface strain distributions up to an applied load 
of 28kN. Subsequent to this load an abrupt increase in both 
membrane and surface distributions occurred. The relative 
magnitude of this increase was only coincident with a level of 
deformation resulting from tripping of the leading edge of the 
stiffener. 
The distributions of strain from the strain gauges mounted on 
the flange and web of repair beam #2, these positions being 
denoted as No 10 and No 11, are shown for both hydrostatic and 
axial compressive phases of the collapse test by Fig 8.210 and 
Fig 8.211 respectively. 
The strain distributions at both these locations, shown by 
Fig 8.210, increased in a reasonably linear manner up to a 
pressure of 0.35N/mm2, thereafter becoming increasingly non- 
linear until the holding pressure was attained. At this point 
the nature of the strain on the outer surface of the flange was 
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tensile and equal to 16% of a yield strain. On the web, close 
to the free edge, the corresponding nature of the strains was 
compressive and equal in magnitude to 1.1. yield strains. Out 
of place bending of the web was not significant until the 
pressure had exceeded 0.475N/mm2 reaching a maximum value of 
20% of the membrane strain at the holding pressure. The 
addition of the axial compressive load to the model, shown by 
Fig 8.211, resulted in the same abrupt rise in strain at the 
28kN load level as observed at position No 9, and shown by Fig 
8.209. This feature should not be a surprise due to the close 
proximity of position No 9 on the internal ring stiffener with 
positions No 10 and No 11 on the repair beam. Study of the 
collapse mode shown by the photograph in Fig 8.180 will reveal 
that a hinge formed on the repair beam at the same location as 
positions No 10 and No 11, and that this effect was repeated at 
the other three identical locations on the beams. The 
distributions of strain on the tie-pairs r22 and r3, are shown 
for both hydrostatic and axial compressive phases of the 
collapse test by Fig 8.212 to Fig 8.213 and Fig 8.214 to Fig 
8.215. 
At tie r3, located on repair beam #2, and shown for both test 
phases by Fig 8.212 and Fig 8.213, the nature of the loading 
within the tie was tensile, this being linear until the holding 
pressure of 0.5N/mm2 had been attained. The addition of the 
axial compressive load did not cause any increase to the direct 
strain effects within the tie pairs, the distributions 
remaining almost constant at the holding pressure values up to 
the point of failure. 
At tie pair r3, located on repair beam #3, and shown for both 
test phases by Fig 8.214 and Fig 8.215, the nature of the 
strain distributions indicates some degree of rotation was 
present at the tie, the nature of this being tensile and 
compressive on the lower and upper surfaces respectively. The 
direction of this rotation would be coincident with the repair 
beam deforming into the dent, this effect being induced by 
movement of the shell at the tie-pairs' points of fixity. The 
addition of the axial compressive load, shown by Fig 8.215, 
caused no increase to the direct strain effects within the tie- 
pairs, their distributions remaining constant until failure. 
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Fig 8 . 
83 View of Deformation to External Surface of Shell and Curved 
Repair Beams on Model C4 after Overall Collapse Test 
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Fig 8. i02 View of Deformation to External Surface of Shell and Curved Repair Beams 
on Model C5 after Collapse Test 
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View of Deformation to Internal Surface of Shell on Model C5 after Collapse Test 
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9.0 TESTING PROGRAMME TO DEVELOP FURTHER AN UNDERSTANDING OF THE 
MECHANICS OF THE "TIED" REPAIR BEAM APPROACH TO THE REPAIR OF 
ORTHOGONALLY STIFFENED SHELLS 
9.1 SUMMARY OF CHAPTER 
This chapter considered how the repair approach of using curved beams 
tied to the shell, developed and discussed in Chapter 8, would fare 
when applied to the repair of orthogonally stiffened shells. 
Two models were tested denoted as C7 and C8. 
Each model had a different level of damage imposed on it, this 
ranging from approximately 9 to 14 times the plate thickness. 
Strain gauges were used to obtain quantitative data on how the shell 
behaved in the regions of the dent and also on the repair beams and 
their respective ties. 
Both models were tested to collapse. 
9.2 METHODOLOGY OF APPROACH TO THE TESTING PROGRAMME 
A general view of an orthogonally stiffened model prior to being cast 
into its end rings is shown by Fig 9.1. 
These models, denoted as C7 and C8 had the dimensions and geometric 
parameters shown by Fig 9.2. 
The methodology of testing required that each model be subjected to 
different levels of imposed damage at their mid heights and then be 
repaired using 'T' section beams of the same type as used in the 
previous Chapter. 
Each model was subjected to at least one elastic test prior to being 
tested to collapse under hydrostatic conditions or combined loading 
conditions where this was possible. 
9.2.1 Model C7 
In model C7 the level of imposed damage to the shell was 
selected as 8mm, this representing some 13 times the shell 
thickness and commensurate with what could be considered as 
"severe damage". A further reason for this choice was that in 
a previous test programme, discussed in Chapter 2, an identical 
model denoted as R5 had been tested to collapse with this level 
9/1 
and form of imposed damage in an attempt to ascertain the load 
"knock down" condition for this design of shell with its 
undamaged theoretical counterpart. 
The dent was imposed at the mid height of the centre bay where, 
in the absence of a ring stiffener, there was little to offer 
resistance to the inward penetration of the indenter bar in the 
circumferential direction. The nearest ring stiffeners were 
some 80 times the plate thickness above and below the line of 
indentation. 
The imposition of the dent was resisted directly in the 
longitudinal direction by being imposed in line with one of the 
40 stringer stiffeners which ran the whole length of the shell. 
After being repaired, the shell of the model was extensively 
strain gauged in the vicinity of the damaged zone as well as 
on the repair beams and their "ties" to the shell. 
The design of the strain gauge layout was to obtain 
quantitative stress analysis data of how a highly complex 
structural assembly, which comprised of curved panels, ring 
stiffeners and longitudinal stringer stiffeners interacted with 
the repair members when loaded. 
As a precursor to the collapse test an "elastic" test under 
axial compressive loading was carried out. The data obtained 
from this test would complement that obtained from the initial 
hydrostatic phase of the collapse test. 
The methodology of the collapse test was to initiate a 
hydrostatic pressure ramp to 0.5N/mm2 and then with the 
pressure held constant attempt to superpose an axial 
compressive ramp until failure occurred. 
In the previous test programme on model R5, the shell had 
experienced an initial failure at a hydrostatic pressure of 
0.36N/nm2. This effect had not collapsed the shell but had 
transformed the linear nature of the dent into a more stable 
oval buckle form. 
A key objective of this test was to determine whether the 
design of the repair prevented this transition phase from 
occurring and to achieve an increase in the collapse load 
parameters above the benchmarked value of R5. 
9/2 
9.2.2 Model C8 
In model C8 the level of the imposed damage was reduced to 
approximately 9 times the shell thickness. 
No comparative model of this geometry and imposition of damage 
was available from previous test programmes to benchmark the 
test results against. 
The methodology of denting this model was identical to that 
described for model C7 and excepting for the reduced level of 
indentation the test should have enabled confirmation to be 
made of the repeatability of the distribution forms of applied 
load to penetrative depth/residual depth. Evidence of such 
repeatability was essential in developing confidence in the use 
of small scale models to predict the behaviour of full size 
structures. 
This model was not extensively strain gauged, those strain 
gauges applied being limited to the ties which attached the 
repair beams to the shell and also at such points on the repair 
beams where it was suspected that plastic hinges would form at 
failure. 
To investigate how the repaired model behaved under direct 
applications of axial compressive load and hydrostatic 
pressure, two preliminary "elastic" tests were carried out. 
Subsequent to these tests the model was subjected to a collapse 
test where the methodology of test was to initiate a 
hydrostatic ramp to 0.25N/mm2 and then to superpose a axial 
compressive ramp at this pressure until failure occurred. 
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9.3 TEST REPORT FOR MODEL C7 
9.3.1 Design of Repair and Model Instrumentation 
The design of the repair beams used the same geometry of 'T' 
Section as used previously on the plain section ring stiffened 
models described in Chapter 8. In this case, three curved 
beams were used, two being welded to the external surface of 
the shell in line with both of the internal ring stiffeners and 
the third at the mid height of the centre bay in line with the 
imposed dent. The length of these curved beams was marginally 
longer than the corresponding ones on Models C4 , C5 and C6 in 
order to be able to secure the ends of the curved beams in line 
with the radial projection of the internal stringer stiffeners. 
Each beam was welded to the shell by a TIG fusion run to each 
side of the beams web. The design of the 'T' section curved 
beams is shown in Fig 9.3, along with relevant geometric and 
technical data. 
To increase the load at which the "premature collapse" of the 
shell occurred, due to instability of the dent crease under 
hydrostatic effects, the shell was anchored to the curved 
repair beams by a number of steel ties. These ties were 
located at the mid spans of each of the three curved repair 
beams by welds to their flanges. On the shell this position 
coincided with the vertical run of one of the internal stringer 
stiffeners. The centre curved repair beam, which spanned the 
line of indentation, was further anchored by two ties which 
secured it to the shell in radial alignment with the stringer 
stiffeners adjacent to the dent centre line. 
Due to technical difficulties of quickly dissipating the heat 
due to welding it was only considered practical to strain gauge 
the model after it had been repaired. The strain gauge layout 
is shown by Fig 9.4. The design of the layout was intended to 
provide data on the effectiveness of the repair strategy in 
preventing the damage zone from developing the excessive radial 
inwards displacement in the region of the dent which preceded 
the onset of premature collapse observed during the previous 
testing of unrepaired damaged cylinders of this geometry. 
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The strain gauges used were Micro-Measurements EA-06-031DE-120, 
EA-06-031CF-120, CEA-06-062UT-120 single element foils and CEA- 
06-062WT-120 900 orthogonal rosettes. 
As the strain perpendicular to the free edge of both the ring 
and stringer stiffeners was zero is was possible to use a 
single element strain gauge bonded close and parallel to the 
boundary without incurring unacceptably high errors when 
reducing the data to stress form. The type of strain gauge 
suitable for these locations was the EA-06-031DE-120 which 
permitted the centre line of the grid foil to be located lmm 
from the free edge of the ring and stringer stiffeners. 
On ring stiffener #1 this strain gauge was located on both its 
upper and lower faces to be coincident with the vertical centre 
lines of panels 'az', 'zy', 'yx' and 'xw'. These strain gauge 
locations were denoted as positions No 11 to No 14 respectively 
and allowed both membrane and bending effects in the ring 
stiffener to be determined. At the mid height of the centre 
bay, coincident with the dent crease, this type of gauge was 
bonded to both faces of the vertical stringer stiffeners 'aal, 
'zz', 'yy' and 'xx'. These locations were denoted as positions 
No 6 to No 10 respectively and enabled both membrane and 
bending effects within the stringer stiffener to be determined. 
At centre position of panels 'ab', 'bc', 'cd', 'de' and 'ef' of 
the middle bay, coincident with the dent crease, the orthogonal 
strain gauge rosette type CEA-06-062WT-120 was bonded to both 
the internal and external faces of each panel. These strain 
gauge locations were denoted as positions No 1 to No 5 
respectively and enabled both longitudinal and circumferential 
membrane and bending stresses within the panel to be 
calculated. 
At eight locations on the outer faces of the flanges of the 
curved repair beams a single element strain gauge of type CEA- 
06-062UW-120 was bonded. These strain gauges were denoted as 
No 15 to No 22 and were positioned at locations where it was 
anticipated that, at collapse, plastic hinges would form. 
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Adjacent to tie pair 't' on repair beam #2, two strain gauges 
were bonded close to the free edge of the web, these being as 
position No 23. 
On the outer faces of the tie pairs which anchored the shell to 
the flanges of the curved repair beams a single element strain 
gauge of type EA-06-031CF-120 was bonded. These locations were 
denoted as positions No 24 to No 27 and would monitor the 
magnitude of the direct strain effects induced within the ties 
as a result of the external loading applied to the shell. 
The location of the displacement transducers V, W and X on the 
outer flange surface of the repair beams and Y and Z on the 
external surface of the shell is shown by Fig 9.5. 
9.3.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the indenter bar penetrated the shell at a 
constant rate of 2.5mm/min until a residual dent depth of 
approximately 8mm had been formed, as shown by Fig 9.6. 
On reapplication of the indenter bar after the third withdrawal 
a significant change of slope was observed on the chart 
recording of load vs dent depth. This increased change of 
slope remained until the re-application of the indenter after 
the sixth withdrawal when it was seen to decrease rapidly and 
finally traverse along a small horizontal plateau on the 
seventh indentation increment. 
Subsequent application of the indenter developed a steadily 
increasing rate of change of slope until after the twelfth 
withdrawal, the slope of the thirteenth pass began to indicate 
signs of a second general reduction. This indentation pass 
clearly demonstrated the development of a second plateau. As 
the plateau terminated, the indenter was withdrawn pending its 
fourteenth pass 
Subsequent application of the indenter showed the increase in 
load which was required to produce further penetration of the 
shell until after the fifteenth application a residual dent 
depth of 8.1mm had been formed. 
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The results of the denting test, both photographic and 
graphical are shown in Fig 9.6 to Fig 9.8. 
The trace of load vs dent displacement as monitored by the 
Instron chart recorder is shown by Fig 9.6. The erratic trace 
of dent depth with load is a feature of the indentation 
behaviour of orthogonally stiffened shells and confirms results 
obtained previously in an earlier programme. It can be seen 
that after the application of a 0.9kN load, the shell had 
sustained a residual deformation of 0.78mm corresponding to the 
fourth indentation increment. Subsequently the resistance to 
further penetration increased significantly such that the 
application of a 1.3kN load only resulted in a residual 
deformation of lmm. Further application of load increased the 
residual dent formation at an increasing rate indicating a 
softening of the indentation resistance of the shell until at 
1.7kN a collapse of shell resistance was observed. 
Subsequent to the formation of this indentation plateau a 
"stiffening up" of the shell resistance was observed reaching a 
maximum when a load of 3.95kN was required to develop a 
residual dent of 5mm. During the thirteenth application of the 
indenter the chart recorder indicated that a second reduction 
in indentation stiffness was developing, this being confirmed 
when at an applied load of 3.95kN the radial penetration of the 
indenter increased from 8mm to 9.25mm without further increase 
in loading. This was equivalent to the residual dent depth 
increasing from 5mm to 6.5mm. The resulting damage to the 
internal structural members is shown by Fig 9.8. It can be 
seen that both ring stiffeners experienced considerable 
'flattening', these effects extending over at least 8 bays or 
20% of the shell circumference. 
The plot of applied load to the residual dent depth is shown by 
Fig 9.7. It is evident from this and the previous graph that 
at impact forces in the region of 1.7kN and 3.95kN, the 
structure is vulnerable to radial penetration. 
9.3.3 Description of Post Repair Elastic Test Under 
Axial Compressive Loading 
The strain gauged model, shown by Fig 9.9, was installed within 
the Hyperbaric Rig and its instrumentation connected and 
intialised as discussed in Chapter 5. 
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The test commenced by applying a slowly increasing axial 
compressive ramp to the model by means of the Instron actuator 
under "load control" conditions. On initial transfer to load 
control a set of data was recorded at 1.06kN and thereafter at 
approximately 2kN increments until a maximum load of 20kN had 
been attained. The ramp was then reversed until at 1.06kN the 
model was transferred back to displacement control to unload it 
completely. 
The results of the elastic test, both photographic and 
graphical, are shown by Fig. 9.10 to Fig 9.31. 
In order to understand the behaviour of the damaged shell and 
its associated repair, it is useful to consider the theoretical 
elastic behaviour of a perfect cylindrical shell in comparison 
with the actual behaviour of a damaged one. 
When a cylindrical shell is loaded purely in axial compression, 
equilibrium conditions require that the circumferential stress 
is zero. However, the Poissons's effect caused the shell to 
adopt a barrel type deformation resulting in the shell reducing 
its circumferential curvature from the ends towards the middle. 
This causes the circumferential strains to be tensile and 
compressive on the internal and external surfaces respectively. 
In the longitudinal direction, it is the external surface 
strain which is tensile and the internal compressive. These 
effects are shown in the sketches below. 
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In a damaged shell this behaviour is quite different in the 
vicinity of the dent. The end shortening of the shell causes a 
'pinching' effect of the dent crease which results in the dent 
penetrating further into the shell. This 'pinching' effect 
causes increased longitudinal bending at the dent crease with 
the tensile and compressive strains being on the internal and 
external surfaces respectively. The effect of the dent decays 
very rapidly into the undamaged section of the shell and as the 
inwards penetration of the dent is opposite in nature to the 
general behaviour of the shell, this results in the dent 
attempting to adopt a concave form along the length of its 
crease. These effects are shown in the sketches below. 
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To obtain an overview of how the damaged shell behaved it is 
necessary to consider the sketch below, prepared from 
experimental data, which shows the mode of deformation and 
nature of bending of the repaired zone. 
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The sketch shows clearly the inwards radial displacement at 
transducer 'V' on the dent centre line caused by the pinching 
effect and the normal outwards displacement of the shell at 'Y' 
adjacent to the extremity of curved repair beam #3. The nature 
of the circumferential bending on panels 'ab', 'bc', and 'cd' 
confirm the concave mode of deformation associated with this 
region. 
The distribution of longitudinal stresses at positions No 1 to 
No 5, located along the horizontal centre line of the dent 
between panels 'ab', 'bc', 'cd', 'de' and 'ef' are shown by 
Fig 9.10 to Fig 9.14 respectively. For the purposes of 
comparison the calculated nominal longitudinal stress has been 
included. This was obtained by considering the combined areas 
of the shell and its 40 internal stringer stiffeners. 
On the damaged panels of the middle bay 'ab' and 'bc', these 
being located immediately adjacent to one side of the dent 
centre line and shown by Fig 9.10 to Fig 9.11 for positions 
No 1 and No 2 respectively, the longitudinal membrane stress 
derived from the strain gauges was only between 20 to 25$ of 
the calculated nominal value. On both panels substantial 
bending was present, this being 4.3 and 14 times the derived 
membrane stress values respectively. 
At position No 3 on panel 'cd', shown b 
gauge derived longitudinal stress was 
calculated nominal value. The nature of 
altered reducing to only some 0.5 of the 
value with both internal and external 
being compressive. 
y Fig 9.12, the strain 
some 2.26 times the 
the panel bending also 
experimentally derived 
surface stresses now 
At position No 4 on panel 'de', shown by Fig 9.13, the strain 
gauge rosette was abutted closed to where the centre curved 
repair beam was welded to the panel. The additional stiffness 
that the panel derived from its proximity to the curved repair 
beam can be clearly seen from the graph where the 
experimentally derived membrane stress was some 90% of the 
calculated nominal value, this being accompanied by virtually 
no panel bending. Initially the nature of this bending 
followed the normal 'barrelling effect' associated with axial 
compressive loading of a cylindrical shell but when the load 
exceeded 5kN, the magnitude of the bending effect decreased 
until at an axial compressive load of 17.5kN the direction of 
the bending reversed to follow the same "pinching" behaviour of 
panels 'ab', 'bc' and 'cd'. 
9/10 
In keeping with panel 'cd', the nature of the stress 
distribution across its thickness was totally compressive. 
The stress distribution at point No 5, located at mid span of 
panel 'ef' adjacent to the extremity of the middle repair 
beam's fixation point, is shown by Fig 9.14. The 
experimentally derived membrane stress was some 18% higher than 
the nominal with the bending stresses being some 28% of the 
nominal . The nature of the bending was coincident with that 
from a cylindrical shell under axial compression with the 
internal and external surfaces compressive and tensile 
respectively. The rapidity with which the shell returned to 
its nominal behaviour within an arc of one panel width is 
typical of the localised effect that damage has on this design 
of shell. 
The circumferential membrane stresses at positions No 1, No 2 
and No 3 on panels 'ab', 'bc', and 'cd', shown by Fig 9.15 to 
Fig 9.17, were not exactly zero being marginally tensile at 
position No 1 and equally tensile and compressive at positions 
No 2 and No 3 respectively. At all three positions the nature 
of the surface stresses behaved as predicted. 
At position No 4 on the panel 'de', shown by Fig 9.18, both the 
membrane and surface stresses were zero. This effect was 
probably due to the increased stiffness that the panel 
developed from its proximity to where the web of the repair 
beam was welded to the shell. 
At position No 5 on panel 'ef', shown by Fig 9.19, the membrane 
stress was marginally tensile with the internal and external 
surfaces compressive and tensile respectively. This panel was 
immediately adjacent to the extremity of repair beam #3, 
therefore, it would have to deform circumferentially to 
accommodate the curvature variations in the beam and the 
adjoining undamaged shell. 
The strain distributions of gauges No 6 to No 10, these being 
mounted close to the free edges of the stringer stiffeners 
'aa', 'ZZ', 'yy', 'xx' and 'ww' respectively, are shown by 
Fig 9.20. At positions No 6 to No 8 on stringers 'aa', 'zz' 
and 'yy' the "pinching" effect of the dent, which resulted in 
an inwards radial movement of the dented zone, caused the 
stringers immediately behind the dent to bend inwards so 
inducing tensile strains at their free edge. At the extremity 
of any dent crease a region exists whereby the shell deforms or 
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bulges radially outwards. This bulge normally occupies between 
2.5 to 5% of the shell circumference. The effect of this bulge 
was to accentuate the outwards deformation of the shell in the 
same direction as that induced under axial compression by the 
Poisson's effect. The result of this behaviour can be seen 
from the compressive strain distributions of positions No 9 and 
No 10 on stringers 'xx' and 'ww' respectively. 
The circumferential strain effects at positions No 11 to No 14, 
these being located close to the leading edge of the upper ring 
stiffener, are shown in Fig 9.21 The inwards radial movement 
of displacement transducer 'W', being located in line with 
stringer 'aa' on the lower ring stiffener, would indicate that 
the 'pinching' effect had extended to the ring stiffener whose 
concave deformation had induced tensile strains on its outer 
free edge. 
The circumferential strain effects at positions No 15 to No 22, 
these being located on the outer flange surfaces of the 'T' 
section repair beams, are shown by Fig 9.22 to Fig 9.25 
respectively. Fig 9.22 shows the distribution at positions 
No 15 and No 21 which were located in an identical position on 
beams #1 and #2 respectively. The symmetrical behaviour of the 
model can be seen from the agreement between the results. This 
feature is further confirmed by the results of Fig 9.23 which 
shows the strain distributions at positions No 16 and 
No 22 on beams #1 and ßf2 respectively. The tensile nature of 
all four positions would be coincident with the deformation 
mode shown below in the sketch in which the curvature of the 
beam increased at its points of fixity and support. 
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The symmetrical nature of the strain distribution within the 
repair beams is further demonstrated by the results obtained 
from positions No 18 and No 19 and No 17 and No 20 on the 
centre beam #3 as shown by Fig 9.24 and Fig 9.25 respectively. 
The compressive nature of all four positions would tend to 
follow from the general deformation of the beam resulting from 
its inwards radial displacement. 
The distributions of radial strain on the ties 'p', 'r', 't' 
and 's' are shown by Fig 9.27 to Fig 9.30 respectively. All 
four ties indicated that negligible direct strain was being 
induced into them, the little present being compressive in 
nature on 'p', 'r' and 's' and tensile in nature in 't'. These 
features would be consistant with the shell in the region of 
the damaged zone where it would not be able to "barrel" 
radially outwards due to the Poissons effect of the axial 
compressive load on the shell. 
The displacements of the transducers 'V', 'W', 'X', 'Y' and 'Z' 
which were located at positions on the repair beams and the 
adjacent shell (as shown by Fig 9.5), are presented in Fig 
9.31. The inwards radial displacement at the repair beams 
caused by the 'pinching' effect is shown at positions 'V' and 
'WI 
The radial displacements of transducers 'X' and 'Z', which were 
both located in line with stringer stiffeners at the mid height 
of the bottom bay show that while the displacements were both 
outwards the magnitude in line with the dent centre line was 
only 50ý of that obtained some nine bays (810) away. 
The displacement at 'Y', located at the mid height of the 
centre bay adjacent to the extremity of repair beam #3, was 
radially outwards, this being more in part due to the effect of 
the existing outwards deformation of the bulge in that area 
rather than the Poisson's effect. 
9.3.4 Description of Collapse Test 
This test followed immediately after the previous elastic test. 
Observation of the test data showed that the strain gauges and 
the displacement transducers had returned to their original 
datums, therefore, no re-initialisation was performed. 
The test commenced by opening a valve and allowing air to enter 
the system via a differential pressure valve set to switch off 
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when the system pressure was 0.5N/mm2 above atmospheric. At 
pressure intervals of 0.034N/mm2 up to 0.276N/mm2 the stop 
valve was closed to permit a set of data to be recorded. From 
0.276N/mm2 data was recorded at intervals of 0.017N/mm2 until 
at 0.386N/mm2 the model collapsed completely. 
This total collapse was indicated by the loading shaft of the 
model displacing some 10mm vertically downwards onto the 
Instron actuator. The actuator had previously been activated 
to support and minimise the vertical deformation of the model 
under the action of the downwards thrust of the air pressure 
within the chamber. 
This model failed at a hydrostatic pressure of 0.4N/mm2 as 
shown by Fig 9.32. The mode of collapse was overall showing no 
evidence of the premature failure, localised about the dented 
region, which had been recorded on previous tests with this 
type of shell. In that test a model of identical geometry and 
damage, but unrepaired, experienced severe structural 
deformation about the damaged zone at a hydrostatic pressure of 
0.36N/mm2. A result of this test was to demonstrate that the 
particular approach used to repair this damaged shell increased 
by 11% the threshold by which this shell geometry would remain 
at an acceptably damaged or deformed level. 
On removal from the testing rig the model was photographed in 
order to record the modes of failure that the shell and its 
repair beams had deformed into. These photographs are shown by 
Fig 9.33 to Fig 9.35. 
It can be seen from all the photographs that the mode of shell 
failure was of a series of buckles extending the complete 
length of the shell and developing around 80, of the 
circumference. The mode and extent to which these buckles 
formed throughout the shell indicated that the design of the 
internal ring stiffeners was less than adequate where damage 
was likely to occur and the absence of those areas opposite the 
damaged zone to fail by 'inter-bay' buckling would also suggest 
that this overall length mode of failure would occur in an 
undamaged shell. 
The deformation to the internal structural members of the shell 
is shown by Fig 9.33. This view shows that if the shell had 
buckled completely around the circumference then eight buckles 
would have formed, although camera angle would indicate only 
six were present. 
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A general view of the external surface of the shell in the 
regions of the repair, and those adjacent to it, is shown by 
Fig 9.34. 
A detailed view of the deformation to the damaged zone of the 
shell and the 'T' section curved beams of the repair, and their 
associated ties, is shown by Fig 35. No sign of weld tearing 
or failure was evident where the beams were fused to the shell 
or where the pairs of support ties were welded to the flanges 
of the beam and the shell. 
This photograph, when viewed in conjunction with the strain 
distributions from the top surfaces of the repair beam's flange 
for positions No 15 to No 22 by Fig 9.55 to Fig 9.58 
respectively, demonstrates how the onset of collapse developed 
during the hydrostatic ramp. The strain distributions at 
positions No 15 and No 21, No 16 and No 22, No 17 and No 20 and 
No 19 and No 18, shown by Fig 9.55 to Fig 9.58 respectively, 
again demonstrates clearly the high degree of behavioural 
symmetry observed during the previous elastic test under axial 
compression. 
The longitudinal and circumferential stresses at positions 
No 1 to No 5 located along the horizontal centre line of the 
dent between bay 'ab', 'bc', 'cd' and 'ef' are shown by 
Fig 9.36 to Fig 9.40 and Fig 9.41 to Fig 9.45 respectively. 
The tensile nature of the longitudinal membrane stress at 
position No 1 on bay 'ab', shown by Fig 9.36, demonstrated from 
the commencement of the test the effect that the lateral action 
of the hydrostatic pressure was having on the panel in 
attempting to transform the creased nature of the dent into a 
more curved form. This membrane action was confirmed by the 
tensile and compressive nature of the external and internal 
surface stresses at the dent crease. 
At position No 2 on bay 'bc', shown by Fig 9.37, the tensile 
nature of the longitudinal membrane stress was almost zero 
indicating that at this location a condition of almost pure 
longitudinal bending was present. The nature of this bending 
confirmed that the dent was increasing its curvature at this 
point, this resulting from the effects of the lateral thrust at 
the dent being unable to overcome the hydrostatic downthrust to 
the panel causing it to "pinch". Above a pressure of 0.3N/mm2 
the changing direction and magnitude of the internal and 
external surface stresses, indicated that this panel was 
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rapidly decreasing its curvature as the effect of lateral 
pressure on the dent overcame the "pinching" effect of the 
axial downthrust. 
At position No 3 on bay 'cd', shown by Fig 9.38, the magnitude 
of the longitudinal compressive membrane stress was 
approximately three times greater than the nominal calculated 
value. As this bay bounded the extremity of the dent and was 
adjacent to the welded boundary of the middle repair beam the 
panel would be subjected to an increase in the "pinching" 
effect caused by the hydrostatic downthrust. This effect was 
confirmed by the action of the longitudinal surface stresses 
whereby up to a pressure of 0.04N/mm2 the dent was decreasing 
its curvature under the action of the lateral pressure but at 
about 0.07N/mm2 the nature of the surface bending effects 
reversed as the hydrostatic downthrust overcame the lateral 
pressure effects. 
The longitudinal stress effects at position No 4, located in 
the centre of bay 'de' and abutting against the welded seam of 
the repair beam with the shell, are shown in Fig 9.39. In this 
location the proximity of the repair beam restricted the 
movement of the shell as evidenced by the absence of 
longitudinal bending up to a pressure of 0.18N/mm2. When 
bending effects did occur their sense was coincident with that 
of a shell developing an hourglass form under the action of 
external pressure. 
The longitudinal stress effects at position No 5, located in 
the centre of bay 'ef' and adjacent to the extremity of the 
seam weld of the repair beam to the shell, are shown in 
Fig 9.40. In this location the longitudinal membrane stress 
was some two times the calculated nominal stress this 
indicating that the effects of the re-distribution of load 
about the dented zone had still not levelled out to nominal 
values. The nature of the longitudinal surface stresses was 
again coincident with that of the hourglass deformation but 
showing quite clearly by the rapid divergence of stress traces 
that a substantial geometric change was imminent. 
The circumferential strains at positions No 1 to No 5, located 
at the mid height of the centre bay coincident with the dent 
crease, are shown by Fig 9.41 to Fig 9.45 respectively. 
At position No 1 on panel 'ab', shown by Fig 9.41, the panel 
was restrained on each of its vertical sides by the tie-pairs 
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'q' and 'r', these restraining the dent crease from developing 
into a concave form under the action of the hydrostatic 
pressure. The experimentally derived membrane stress was only 
30% of the theoretical nominal. Significant bending was 
present with tensile and compressive effects on the internal 
and external surfaces respectively, this being coincident with 
the concave inwards deformation of the panel. 
At position No 2 on panel 'bc', shown by Fig 9.42, no external 
support ties were available, therefore, under the lateral 
effects of the hydrostatic pressure the panel deformed inwards 
into a concave form, so inducing circumferential membrane 
tensile effects. 
At position No 3 on panel 'cd', shown by Fig 9.43, the 
influence of the repair beam end fixity was still apparent at 
the beginning of the test and up to a pressure of O. 1N/mm2. 
Thereafter, the panel's ability to carry circumferential 
membrane stress reduced with increasing pressure. This was 
accompanied by the panel 'snapping' through from an initial 
bending behaviour as in position No 4 to the concave formation 
observed at positions No 1 and No 2. 
At position No 4 on panel 'de', shown by Fig 9.44, the 
additional stiffness provided by the repair beam weld fixity 
enabled the panel to carry its full theoretical circumferential 
load. The absence of any significant panel bending also 
confirms the flexural support given by the weld and that 
bending which does occur is in keeping with lateral pressure 
effects where with an increasing curvature the tensile and 
compressive effects would be on the external and internal 
surfaces respectively. 
The influence of the repair beam weld fixity to the shell 
behaviour was also apparent at position No 5 on the panel 'ef', 
which was adjacent to the extremity of the repair beam. The 
stress distributions shown by Fig 9.45 demonstrates that the 
shell was capable of carrying a high percentage of its 
circumferential load up to a pressure of 0.2N/mm2, and only 
after the pressure had exceeded 0.3N/mm2, when other regions of 
the shell began to fail, did its deviation increase. 
The longitudinal strain distributions at positions No 6 to 
No 10, located at the free edge of the internal stringer 
stiffeners ' aa' ,' zz' ,' yy' ,' xx' and 
'ww' coincident with the 
crease of the dent, are shown by Fig 9.46 to 
Fig 9.50 
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respectively. 
The natural deformation of these stringers, whether at the 
damaged or undamaged areas of the shell, would be to displace 
radially inwards under the lateral effects of the hydrostatic 
pressure inducing tensile strain effects on the leading or free 
edge of the stringer. This behaviour was confirmed at 
positions No 6 to No 8 and No 10 shown by Fig 9.46 to Fig 9.48 
and Fig 9.50 respectively. At positions No 6 and No 7 the 
stringers had their radial movement restrained by the action of 
the tie-pairs 'q' and 'r' which effectively anchored the 
stringers to repair beam #3. The result of this is that the 
membrane strain effects are much reduced at positions No 6 and 
No 7 in comparison with No 8. While the out of plane bending 
was small at all three stringers, it was significantly reduced 
at locations No 6 and No 7 where the tie-pairs were acting. 
The strain distributions at positions No 9 and No 10, which 
were located on stringers 'xx' and 'ww' adjacent to the welded 
location of repair beam #3, are shown by Fig 9.49 and Fig 9.50 
respectively. The compressive nature of this distribution 
results from its location on the 'bulge' of the shell at the 
extremity of the dent crease where the stiffener 'xx' would 
have a natural tendency to deform outwards, even under the 
action of the hydrostatic pressure. 
The distribution of circumferential strain at position No 11 to 
No 14, located between panels 'az', 'zy', 'yx' and 'xw' on ring 
stiffener #1, are shown by Figs 9.51 and Fig 9.54 respectively. 
The behaviour of these gauges can be determined by examination 
of the collapse mode of the shell as shown by the photograph in 
Fig 9.33. It can be seen that at position No 11 on panel 'az' 
that the ring stiffener had deformed radially inwards inducing 
tensile strains on its free or leading edge. This is confirmed 
by the strain distribution in Fig 9.51 where at a hydrostatic 
pressure of 0.3N/mm2,75, of the tensile yield of the material 
has been attained. At the adjacent panel the ring had passed 
through a point of contraflexure as can be seen from the 
photograph. This is again confirmed from the strain 
distribution for position No 12 shown by Fig 9.52. As with 
position No 11, little out of plane bending occurred and non 
linear behaviour only commenced when the hydrostatic pressure 
exceeded 0.3/Nmm2. The previous discussions follow for 
positions No 13 and No 14 shown by Fig 9.53 and Fig 9.54 
respectively. 
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The distributions of strain at positions No 15 and No 16 on 
repair beam #1, No 17 to No 20 on repair beam #3 and at 
positions No 21 and No 22 on repair beam #2 are shown by Fig 
9.55 to Fig 9.58 respectively. Up to a hydrostatic pressure of 
0.25N/nm2 the strain gauges behaved in a linear manner, 
sustaining only 0.5 of a yield strain at positions No 16 and No 
22 and approximately yield at positions No 18 and No 19. 
However, at position No 22, slightly offset of the centre line 
of tie-pair 't' on repair beam #2, the strain increased 
significantly when the hydrostatic pressure exceeded 0.3N/mm2, 
attaining 2 yield strains just prior to collapse. 
Complementary to this a further pair of strain gauges denoted 
as No 23 were located on the web of repair beam #2 close to its 
free edge. One of these gauges sustained damage during the 
installation procedure, therefore, the strain distribution at 
position No 23, shown by Fig 9.59, is only from one side of the 
web. As no sign of out-of-plane bending of the web was 
apparent on the collapsed model, it would be reasonable to 
assume that this distribution would be representative of its 
membrane behaviour. That being the case, then the tensile 
yield was attained just after the hydrostatic pressure reached 
0.3N/mm2 which would demonstrate that on both the outer 
surfaces of the flange and the web plasticity had occurred and 
would develop through the beam section with increasing pressure 
until a plastic hinge had formed. As this beam and its 
opposite number #1 was welded coincident with the shell's 
internal ring stiffener any failure would directly effect the 
structural integrity of the inner ring. 
Further evidence to support the view that the onset of failure 
originated at position No 22, was obtained from the strain 
distributions of the tie-pairs 'p', 'q', 'r' and 's' denoted as 
positions No 24 to No 27 and shown by Fig 9.60 and Fig 9.62 
respectively. These distributions show that at positions No 24 
and No 25 the strain gradient is approximately twice that of 
the other tie pairs and that this increased significantly after 
0.3N/mm2 when plasticity was first forming on the extreme 
surfaces of repair beam #2. The inwards radial displacements 
at points 'V' and 'W', coincident with each of the tie-pairs 
'r' and 't' on repair beams #3 and #2, is shown by Fig 9.63. 
This again shows that the shell behaved in a linear manner up 
to a hydrostatic pressure of 0.3N/mm2. but when this pressure 
was exceeded non-linear behaviour developed at point 
'W' on 
repair beam #2 as would be expected if a hinge was forming 
immediately adjacent to it. 
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9.4 TEST REPORT FOR MODEL C8 
9.4.1 Design of Repair and Model Instrumentation 
The design approach, geometry of repair beam section, method of 
fixation and location on the shell was identical to that used 
on model C7 and described in Section 9.3.1. 
As a result of the reduced dent depth imposed on this model, 
the lengths of the tie-pairs anchoring the shell to the repair 
beams were different. The design of the 'T' section repair 
beams and their associated tie-pairs is shown in Fig 9.64. 
Strain gauging of this model was only carried out subsequent to 
it being repaired due to the same technical difficulties 
discussed previously concerning the removal of heat resulting 
from the welding process. The strain gauges used were Micro- 
Measurements CEA-06-062UT-120, EA-06-031CF-120 and EA-06-031DE- 
120 single element foils. The strain gauge layout is shown by 
Fig 9.65. 
To investigate the nature of the loading carried by the repair 
beams, it was first necessary to determine the strain 
distribution through its cross section from which the resulting 
stress distribution could then be derived. This was 
accomplished by bonding strain gauges to the outer surface of 
the beam flange and also to each side of the web close to its 
free edge. The CEA-06-062UT-120 type gauge was selected for 
the flange and the EA-06-031DE-120 type for the web. This 
configuration of strain gauges was installed at three locations 
on the models repair. The first set, denoted as position No 1, 
was located adjacent to tie-pair 'p' on repair beam #1. The 
second and third set, denoted as positions No 2 and No 3 
respectively, were located adjacent to tie-pairs 'r' and 's' on 
repair beam #3. 
To determine the direct effects induced within the tie-pairs 
resulting from the effects of the applied loading, four tie- 
pairs were instrumented, these being 'p', 'q', 'r' and 's' and 
denoted as positions No 4, No 5, No 6 and No 7 respectively. 
The strain gauge used for this application was the EA-06-031CF- 
120 type, this being located to the upper and lower faces of 
each tie-pair. 
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The location of the displacement transducers V, W and Y on the 
outer flange surface of the repair beams and Z on the external 
surface of the shell is shown by Fig 9.66. 
9.4.2 Description of Denting Test 
The operating procedure for this test followed the general 
lines of that described in Chapter 5. 
In this test the indenter bar was required to penetrate the 
shell at a constant rate of 2.5mm/min to give a residual dent 
depth of approximately 5.3mm, as shown by Fig 9.67. 
On re-application of the indenter bar after the third 
withdrawal a significant change of slope was observed on the 
chart recording of load vs dent depth. This increased change 
of slope remained until the re-application of the indenter 
after the fifth withdrawal when it was seen to decrease rapidly 
and finally traverse along a small horizontal plateau on the 
seventh indentation increment. 
Subsequent indentation passes developed a steadily increasing 
rate of change of slope until after the thirteenth withdrawal, 
the slope of the fourteenth pass began to indicate signs of a 
second general reduction. The next indentation pass clearly 
demonstrated this development of the formation of a second 
plateau but this was never developed as on unloading from the 
fifteenth pass the required residual dent depth of 5.28mm had 
been formed. 
The results of the denting test are shown in Fig 9.67 and 
Fig 9.68. 
The trace of load vs dent displacement as monitored by the 
Instron chart recorder is shown by Fig 9.67. It can be 
observed that a high degree of similarity exists between it and 
Fig 9.6, from the corresponding test on model C7, even allowing 
for the different scaling used on the horizontal axis. 
The plot of applied load to the residual dent depth is shown by 
Fig 9.68. For comparison the corresponding trace from Model C7 
is shown by Fig 9.7. These results show the high degree of 
behavioural repeatibility which can be obtained from using this 
type of small scale model. 
9/21 
9.4.3 Description of Post Repair Elastic Test Under Hydrostatic 
Pressure 
The strain gauged model, shown by Fig 9.69, was installed 
within the Hyperbaric Rig and its instrumentation connected and 
initialised as discussed in Chapter 5. 
The hydrostatic test commenced by opening a needle stop valve 
and allowing air to enter the system via a differential 
pressure valve. At pressure intervals of 0.0069N/mm2, up to a 
maximum pressure of 0.069N/mm2, the needle valve was closed to 
permit strain gauge and displacement transducer readings to be 
recorded. After depressurisation the strain gauges and 
displacement transducers returned to their original datums. 
The graphical results of the elastic test under hydrostatic 
pressure are presented by Fig 9.70 to Fig 9.77. 
At the mid span of repair beam #1, where the tie pair 'p' 
anchored that region of the shell coincident with the internal 
ring stiffener #1 and stringer stiffener 'aa' to the repair 
beam flange, the strain distribution across the section of the 
beam immediately adjacent to the tie pair and also on the tie 
pair itself are shown by Fig 9.70 and Fig 9.73 for the 
positions denoted as No 1 and No 4 respectively. The tensile 
nature of the strain distribution across the tie pair, shown by 
Fig 9.73, demonstrated that it was exercising a restraining 
effect on the radially inwards deformation of the shell caused 
by the inability of the internal stiffeners to resist the 
action of the external lateral forces. The distributions of 
strain on the repair beam are shown by Fig 9.70, and presented 
in the form shown below through its cross section, 
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indicated by the close proximity of the zero strain line to the 
section's neutral axis that the predominant effect was pure 
bending as only a hint of direct compressive action was 
indicated. 
At the mid span of repair beam #3, where tie pair 'r' anchored 
the centre of the dent coincident with the internal stringer 
stiffener 'aa' to the repair beam flange, the strain 
distribution across that section of the beam immediately 
adjacent to the tie pair and also that on the tie pair itself 
are shown by Fig 9.71 and Fig 9.75 for the positions denoted as 
No 2 and No 6 respectively. The tensile nature of the strain 
distribution across the tie pair, shown by Fig 9.75, confirmed 
the behaviour described previously for tie pair 'p' except in 
this case no internal ring stiffener was available to resist 
the lateral pressure effects. The distributions of strain on 
the repair beam are shown by Fig 9.71 and presented in the form 
shown below through its cross section, 
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indicated by the displacement of the zero stress line from the 
section's neutral axis that significant direct compressive 
effects were being carried by the beam. This effect would be 
compatible with the equilibrium requirement of the shell to re- 
distribute its share of the circumferential load from the 
damaged zone to those adjacent areas capable of offering an 
alternative loading path. 
Adjacent to the mid span of repair beam #3 and 
the internal stringer stiffener 'bb' was tie 
having been strain gauged in an identical 
previous tie pairs 'p' and Y. The strain g< 
pairs were denoted as position No 7 and on the 
coincident with 
pair 's', this 
manner to the 
iuges on the tie 
adjacent repair 
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beam's flange and web as No 3, these distributions being shown 
by Fig 9.72 and Fig 9.76 respectively. 
The nature of the strain distribution in tie pair 's' shown by 
Fig 9.76, compared favourably with that measured on tie pair 
'q' which was located coincident with the internal stringer 
stiffener 'yy' on the opposite side of the dent centreline and 
denoted as position No 5 by Fig 9.74. These traces confirmed 
that the initial behaviour of these tie pairs was tensile but 
increasing pressures caused this effect to be halted and then 
reversed into one of compression. These effects resulted from 
the rate of inwards radial displacement of the repair beam at 
tie pairs 'q' and 's' being greater than that to which the 
shell coincident with it was capable of moving, therefore 
inducing compression into the tie pairs. The distributions of 
strain on the repair beam at position No 3 are shown by 
Fig 9.72 and presented in the form shown below through its 
cross section, 
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indicated that the presence of direct compressive effects 
observed within this beam at position No 2 was also present at 
this location. One of the strain gauges on the web of the beam 
did not operate but as out of plane bending of the web was not 
evident at similar locations then it was possible to draw both 
qualitative and quantitative comparisons between the 
compressive direct values at positions No 2 and No 3. 
The displacements of the 
located on the flanges of 
located at the mid height 
9.77. 
transducers V, W and Y which 
the repair beams and of Z which 
of the middle bay are shown by 
were 
was 
Fig 
At positions V and W, these being located at the mid spans of 
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repair beams #3 and #2 respectively on the dent centre line, 
the nature of the displacement was radially inwards with that 
at position V on repair beam #3 approximately twice that at 
position W. 
At point Y, located at the extremity of repair beam #3, the 
displacement was radially outwards this being the location of 
the "bulge" on the shell. 
At point Z, located on the external surface of the shell at the 
mid height of the middle bay some 900 away from the damaged 
zone, the displacement was radially inwards in keeping with the 
barrel type deformation associated with hydrostatic pressure 
loading. 
9.4.4 Description of Post Repair Elastic Test Under 
Axial Compressive Loading 
Due to the strain gauges and displacement transducers returning 
to their original datums it was not necessary to reinitialise 
the sensors. 
The test commenced by applying a slowly increasing axial 
compressive ramp to the model under load control conditions. 
On initial transfer to load control a set of data was recorded 
at 0.76kN and thereafter at approximately 2.5kN increments 
until a maximum load of 20kN had been attained. At the end of 
this test the model was returned to displacement control in 
order to unload it completely. 
The graphical results of the elastic test under axial 
compressive loading are presented by Figs 9.78 to 9.85. 
While the residual dent depth of this model was 32% less than 
that of C7, the radial displacement at positions V and W were 
closely comparable in both nature and magnitude to those 
measured at identical locations on model C7. These positions, 
denoted as V and W and shown by Fig 9.85, were located at the 
mid span of repair beams #3 and #2 respectively and coincident 
with tie pairs 'r' and 't'. 
The displacement distributions at positions Y and Z were also 
shown by Fig 9.85. At position Y, located on the flange of 
repair beam #3 at its extremity, the displacement was radially 
outwards with the shell's natural Poissons effect being 
exacerbated by the outwards presence of the bulge at the dent 
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extremity. A more accurate reflection of the shell's radial 
movement caused by the Poissons effect can be seen from the 
distribution at position Z, which was located 900 away at the 
mid height of the centre bay and coincident with a vertical 
stringer stiffener. Due to the low value of the shell's L/R 
ratio the outwards radial displacement at the mid height of the 
bay would be significantly greater than that predicted by 
conventional linear elastic relationships. 
At the mid span of repair beam #1, where the tie pair 'p' 
anchored that region of the shell coincident with the internal 
ring stiffener #1 and stringer stiffener 'aa' to the repair 
beam flange, the strain distribution across the section of the 
beam immediately adjacent to the tie pair and also the tie pair 
itself are shown by Figs 9.78 and Fig 9.81 for the positions 
denoted as No 1 and No 4 respectively. The tendency, however 
small, for the strain distribution within the tie pair shown by 
Fig 9.81, to develop compressively with increasing load while 
the tie pair itself underwent a 'body movement' radially 
inwards did suggest that the presence of the repair beam at 
this location was of questionable structural value when the 
applied loading was compressive. This observation was further 
confirmed by the absence of any significant strains on the 
repair beam itself as shown by Fig 9.78 or through its cross 
section as shown below. 
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At the mid span of repair beam #3, where tie pair 'r' anchored 
the centre of the dent coincident with the internal stringer 
stiffener 'aa' to the repair beam flange, the strain 
distribution across that section of the beam immediately 
adjacent to the tie pair and also that on the tie pair itself 
are shown by Fig 9.79 and Fig 9.83 for the positions denoted as 
No 2 and No 6 respectively. The distribution of strains on the 
repair beam at position No 2 are shown by Fig 9.79, and 
presented in the form shown below through its cross section, 
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indicated by the displacement of the zero strain line from the 
neutral axis that direct compressive effects were present in 
the beam of sufficient magnitude to cancel the tensile bending 
strains within the web of the beam. The nature of the strain 
distribution within the tie pair, shown by Fig 9.83, indicated 
by its tensile form and radially inward body movement that at 
this point it was restraining the shell from being further 
drawn radially inwards due to the "pinching effect" caused by 
the end shortening of the shell under the compressive loading. 
Adjacent to the mid span of repair beam #3 and coincident with 
the internal stringer stiffener 'bb' was tie pair 's', this 
having been strain gauged in an identical manner to the 
previous tie pairs 'p' and Y. The strain gauges on the tie 
pairs were denoted as No 7 and on the adjacent repair 
beams 
flange and web as No 3, these distributions being shown 
by 
Fig 9.84 and Fig 9.80 respectively. The strain distribution of 
tie pair 's', shown by Fig 9.84, compared 
favourably in 
magnitude and nature with that measured on tie pair 
'q' which 
was located coincident with the internal stringer stiffener 
'yy' on the opposite side of the dent centre 
line and denoted 
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as position No 5 by Fig 9.82. These traces confirmed that the 
nature of the strain distribution within the tie pairs was 
compressive. The distributions of strain on the repair beam at 
position No 3 are shown by Fig 9.80 and presented in the form 
shown below through its cross section, 
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indicated by the displacement of the zero strain line from the 
neutral axis that direct compressive effects were present in 
the beam, these being acceptably comparable with those of 
position No 2. The compressive nature of the repair beam 
flange indicates that it was reducing its curvature which would 
be coincident with the induction of compressive effects within 
the tie pairs 'q' and 's'. 
9.4.5 Description of Collapse Test 
This test was performed subsequent to the previous elastic 
tests. The strain gauges were reinitialised to return their 
datums to zero. 
The testing procedure was similar to that described for the 
hydrostatic test except that the differential pressure valve 
was set to close when the system pressure attained 
0.25N/mm2 
above atmospheric. During this phase of the test, 
data was 
recorded at 0.034N/mm2 intervals until 0.207N/mm2 thereafter at 
0.25N/mm2. 
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On attaining the system holding pressure the axial compressive 
phase of the test began by transferring from "position" to 
"load" control with a demand for a 0.76kN compressive load. A 
set of data was recorded at this position. The axial 
compressive ramp then commenced with data being recorded at 5kN 
intervals until l70kN. 
Subsequent to this last set of data being recorded the model 
collapsed suddenly. This was evidenced by the displacement 
trips, which monitored the end shortening of the model cutting 
the hydraulic power to the actuator. 
The results of the collapse test, both photographic and 
graphical, are shown in Fig 9.86 to Fig 9.104. 
This model collapsed when an axial compressive load of l70kN 
had been applied while under the action of a hydrostatic 
pressure of 0.25N/mm2. 
The traces of both hydrostatic pressure and axial compressive 
load are shown by Fig 9.86. When collapse occurred, the 
displacement limit trips caused the system hydraulics to cut so 
removing the axial compressive load and leaving the model under 
the action of the hydrostatic effects of the compressed air. 
As further deformation did not occur this indicated that even 
in this grossly deformed condition the shell was still in 
equilibrium with its hydrostatic pressure of 0.25N/mm2. 
On removal from the testing rig the model was photographed in 
order to record the collapse mode into which the shell and its 
repair beams had deformed into. These photographs, shown by 
Fig 9.87 and Fig 9.88, illustrate the overall deformation to 
the entire shell and a more detailed view of the deformation to 
the repaired zone respectively. In Fig 9.87 it can be seen 
that the collapse mode was a series of buckles which had been 
contained within the middle bay with no evidence of the overall 
collapse associated with the 'cascading' effect triggered by 
tripping of the internal ring stiffeners. These buckles were 
typical of that where external pressure effects predominated. 
The detailed view of the repaired zone, shown by Fig 9.88, 
indicated an absence of any overall structural failure of the 
repair beams with only a single plastic hinge forming at the 
LHS of the middle repair beam #3. 
Inspection of the model's internal surfaces revealed that no 
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out of plane rotation or tripping of either of the ring 
stiffeners had occurred in the region of the damage/repair. 
However, tripping had occurred on both the stringer stiffeners 
adjacent to panel 'cd' to which the LHS of repair beam #3 was 
located to the shell, this also being the zone where the 
plastic hinge in the repair beam had formed. 
The strain gauge sets mounted on the flanges and webs of the 
repair beams #1 and #3 are shown for both hydrostatic and axial 
compressive phases of the collapse test for positions No 1, 
No 2 and No 3 by Figs 9.89 and Fig 9.90, Fig 9.91 and Fig 9.92, 
Fig 9.93 and Fig 9.94 respectively. 
At position No 1, mounted adjacent to tie pair 'p' on repair 
beam ßf1 and shown by Fig 9.89 and Fig 9.90, the tensile 
membrane strain had exceeded 0.5 of a yield strain when the 
system holding pressure of 0.25N/mm2 had been attained. This 
effect occurred with minimal out of plane bending of the web. 
At this pressure the compressive strain on the outer surface of 
the flange was less than 0.5 of a yield strain. The 
distribution of strain across the repair beam section is shown 
by the diagram below. 
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It can be seen that the actual tensile strain at the free edge 
of the web is probably some 50% higher than that measured by 
the strain gauges due to them being located approximately lmm 
in from the leading edge of the web. The resulting offset in 
the neutral axis of the beam would indicate that direct 
compressive effects were present, these being induced into the 
repair beam from the shell through the location weld by the 
circumferential effects of the external pressure. The further 
application of the axial compressive load caused the minimal 
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out-of-plane bending effects within the web to reduce, until at 
a load of 125kN, they were totally eliminated. At this point, 
the web had ceased to behave in a linear elastic manner, this 
having occurred when the applied load exceeded lOOkN. 
At position No 2, mounted adjacent to the tie pair 'r', on 
repair beam #3 and shown by Fig 9.91 and Fig 9.92, a 
significant bias of compressive strain effects was evident 
during both the hydrostatic and axial phases of the test. This 
observation was confirmed by the distribution of strain across 
the beam section shown by the diagram below. 
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The extent of the neutral axis displacement demonstrated the 
magnitude of the direct compressive effects which were present 
within the beam. As this repair beam was coincident with the 
zone of maximum shell damage it would seem reasonable for it to 
carry a higher proportion of the circumferential loading in 
comparison with the outer repair beams which were coincident 
with the positions of the ring stiffeners. 
At position No 3, mounted adjacent to tie pair 's' on repair 
beam #3 and shown by Fig 9.93 and Fig 9.94, the compressive 
strain bias was not as high as at position No 2. As one of the 
strain gauges on the web was inoperative it was impossible to 
obtain the membrane strain within the web, however, previous 
9/31 
results indicated that bending effects were not excessive and 
that the distribution of strain across the section, as shown 
below, would be quite accurate. 
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The strain distributions at positions No 4, No 5, No 6 and No 7 
on tie pairs 'p', 'q', 'r' and 's' are shown for both 
hydrostatic and axial compressive phases of the collapse test 
by Fig 9.95 and Fig 9.96, Fig 9.97 and Fig 9.98, Fig 9.99 and 
Fig 9.100, Fig 9.101 and Fig 9.102, respectively. 
At positions No 5 and No 7 on tie pairs 'q' and 's', these 
being located symmetrically about the centreline of the dent 
and coincident with stringers 'bb' and 'yy' on repair beam #3, 
a high degree of behavioural symmetry existed during both the 
hydrostatic and axial compressive phases of the test. During 
the hydrostatic phase of the test very little strain (in effect 
direct load) was induced into either tie pairs by the lateral 
pressure effects as shown by Fig 9.97 and Fig 9.101. The 
subsequent axial compressive loading caused the tie pairs to 
become increasingly compressive in nature retaining the same 
behavioural symmetry. 
At positions No 4 and No 6 on tie pairs 'p' and 'r', these 
being located on the vertical centreline of the dent and 
coincident with stringer 'aa' on repair beams #1 and #3, the 
nature of the direct strain effects was tensile during both 
loading phases of the test as shown by Figs 9.95 and Fig 9.96 
and Fig 9.98 and Fig 9.100 respectively. The tensile nature of 
these tie pairs demonstrated the ability of the curved repair 
beams #1 and #3 to react against the inwards radial penetration 
of the damaged shell induced by the lateral effects of the 
hydrostatic pressure. A comparison between the strain 
distributions at tie pair 'p' on repair beam #3 for models C7 
and C8, these being shown at positions No 25 and No 6 by 
Fig 9.61 and Fig 9.99 respectively, shows that in both cases a 
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direct tensile strain of 0.01% resulted from a hydrostatic 
pressure of 0.25N/mm2. At tie pair 'p' on repair beam #1 for 
models C7 and C8, these being shown at positions No 24 and No 4 
by Fig 9.60 and Fig 9.95 respectively, the strain gradients 
were not equal, C8 being half the magnitude of C7 for any 
equivalent pressure level. As model C8 had sustained only 67% 
of the radial penetration of model C7, with the corresponding 
reduction in the imposed damage to both the internal ring 
stiffeners, this decrease would seem to be reasonable due to 
the ring stiffeners being able to resist a higher proportion of 
the lateral pressure effects acting on the adjacent panels. 
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The radial displacements of the shell at positions V, W, Y and 
Z are shown for both hydrostatic and axial compressive phases 
of the collapse test by Fig 9.103 and Fig 9.104 respectively. 
At positions V and W on Fig 9.103, these being located at the 
mid spans of the repair beams #3 and #2 respectively, the 
deformation of the shell was radially inwards with the 
displacement at repair beam #3 approximately twice that of #2. 
The nature of this behaviour was identical to that observed 
during the previous hydrostatic test on Model C7, and shown by 
Fig 9.63, the reduced deformations being related to the lesser 
imposed damage conditions. While both displacement transducers 
exhibited linear behaviour, indications of future non-linear 
behaviour were developing above pressures of 0.17N/mm2. The 
effect of the axial compressive load at these positions can be 
seen from Fig 9.104. At position W on repair beam #2 the 
previously inwards displacement was arrested and only 
recommenced when the load exceeded 100kN. At position V on 
repair beam #3 the inwards radial displacement continued in a 
linear fashion to 80kN, thereafter it developed non-linearly at 
an increasing rate until failure. 
At position Y, this being located at the extremity of repair 
beam #3, the shell marginally deformed radially outwards under 
the action of the hydrostatic pressure. This behaviour was 
coincident with the presence at this location of an outwards 
'bulge' in the shell which had resulted from the denting 
process. The addition of the axial compressive load caused 
this effect to develop further, the nature of this becoming 
non-linear when the load exceeded 50kN. 
At position Z, located in line with a stringer stiffener at the 
mid height of the centre bay some 900 away from the dent, the 
magnitude of the displacement confirmed that previously 
obtained from Model C7 and shown by Fig 9.63. The effect of 
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the axial compressive load was to reverse the 'hourglass' form 
associated with external pressure effects and to develop the 
characteristic 'barrel' form. This can be seen from the trace 
on Fig 9.104, where the inwards radial displacement gradually 
reduced until at a load of 90kN the shell returned to its 
original unloaded shape, thereafter deforming radially outwards 
into its 'barrel' shape. 
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Fig 9.1 View of Orthogonally Stiffened Shell as Fabricated 
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10.0 DISCUSSION OF RESULTS 
10.1 FACTORS WHICH INFLUENCED THE CHOICE OF SCALE AND THE IMPORTANCE AND 
UNIQUENESS OF THE PHYSICAL MODELLING 
In any form of experimental work testing the real structure or 
component is always to be preferred. In many instances testing at 
1: 1 scale is just not physically possible either due to basic 
economic considerations or just the sheer impracticability of doing 
so. When full size testing is just not possible recourse has to be 
made to testing at reduced scale using geometrically similar models. 
In the experimental work considered in this thesis, and many others 
in related matters, the testing of thin walled cylindrical shells of 
a geometry currently used in the construction of off-shore 
structures, there was no practical alternative to testing scale 
models of the full size structure. 
Intrinsic with any test, whether on a model or full size component is 
the ability to apply the appropriate loads to achieve structural 
failure be that by axial tensile or compressive load, bending, 
torsion, hydrostatic pressure or pure lateral pressure. 
Consideration of the type and grade of model material to be used will 
determine both its nominal yield stress and UTS. When coupled with 
the constraint of the maximum load capacity of the machine in which 
the test is going to be performed, this will give a close estimate of 
the maximum model size that can be considered. 
Factors which influenced the size of the model which could be tested 
within the facility for the tests reported here were twofold, firstly 
the 500kN capacity of the Instron actuator and secondly the possible 
requirement of the hyperbaric part of the facility to be capable of 
subjecting the models to pure lateral pressures of up to 6.8 N/mm2 by 
having the actuator react against the hydrostatic downthrust on the 
model. These loading system constraints and the fact that the most 
available gauge of MS sheet in the stockpile was 0.6mm, coupled with 
the knowledge that the current practical interest lay in shells where 
the R/t ratio was in excess of 250 focused in on a model whose 
diameter was approximately 320mm. 
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Having set the parameter of the model diameter and knowing the size 
of the full scale structures currently of interest, the overall scale 
of the operation was then ascertained at being 40: 1, which can be 
classified as small scale. 
A resulting consequence of deciding to test steel models at this 
small scale is that if any other manufacturing approach is taken 
other than machining the shell from a solid normalised tube then the 
residual stresses which will result from the welding processes of 
fabrication will seriously effect the maximum permitted imperfection 
tolerances laid down by the Design Codes. 
In experimental investigations into the behaviour of thin walled 
shells subjected to external pressure where 'periodic' buckling is 
the most common cause of failure, it is critical that such 
imperfection levels from shell manufacture are kept to a minimum as 
there is evidence to believe that failures of this form have occurred 
when the known imperfection levels were only a quarter of that 
permitted by the Design Codes. 
To obviate these effects, particularly when testing with small scale 
models, it is essential that the whole model shell is fully stress 
relieved after manufacture and that during the heat treatment process 
the shell is sufficiently supported/restrained to minimise 
deformations as the stresses become 'unlocked'. 
All the models used in the experimental work discussed in this 
thesis, and also in several of the complementary research programmes 
undertaken at Imperial College and the University of Surrey, differ 
quite fundamentally by the uniqueness of their manufacture to 
anything known to have been made elsewhere. While other designs of 
steel all welded ring, stringer and orthogonally stiffened shells 
have been manufactured and tested in other centres, these particular 
models differ from the rest in that their geometric form, whether 
manufactured as plain shell, multi-bay ring stiffened with either 
plain or 'T' section stiffeners, plain section longitudinally 
stringer stiffened or orthogonally stiffened with plain ring and 
stringer stiffeners, were all of the same generic family of 1: 40 
scale, steel, all TIG welded construction, from a single billet of 
'dead mild' steel which had been specially cold rolled to non 
standard gauge sizes and whereupon after fabrication the models were 
all subjected to an identical heat treatment cycle before testing to 
remove the residual stresses of the welding process and also to 
regain the characteristic MS yield point which had been 'lost' during 
the cold reduction process. 
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A prerequisite to achieve this situation is that the techniques used 
to manufacture the models not only scaled down the geometric 
parameters of their full scale counterpart but also replicated no 
more than the allowable maximum radial imperfections permitted within 
the relevant Code requirements. It is therefore considered essential 
that the tooling, jigging and manufacturing procedures described in 
Chapter 4 are followed in any future work. 
Unlike their full scale counterparts, which would have been 
manufactured from hot rolled steel plate and supplied in a normalised 
condition, models are by necessity of the requirements of scale, 
manufactured from cold rolled sheet steel to achieve the necessary 
R/t ratios for the pre-defined diameter of shell. In this state the 
mild steel sheet exhibits very pronounced non-isotropic mechanical 
properties and lacks a defined yield point unless after manufacture 
it is subjected to a heat treatment process to re-establish its 
characteristic yield point. 
While the thermal cycle of the heat treatment was nominally identical 
for each of the six ovenloads, it is considered essential that the 
coupon plates associated with the steel from which the models to be 
heat treated were manufactured were subjected to the same thermal 
process. 
The results of these coupon plate tests is shown by the table in 
Appendix A. These results indicate that in those specimens machined 
with their longitudinal axis parallel to the grain (rolling 
direction), the average quasi-static yield stress was 336 N/mm2 with 
a tolerance of +3.6% to -7.4%. Those specimens whose longitudinal 
axis was transverse to the grain direction had a corresponding 
average quasi-static yield stress of 348 N/mm2 with a tolerance of 
+4.6% to -3.2%. 
When averaged together a quasi-static yield stress of 342 N/mm2 
results with a tolerance of _+ 
1.8% demonstrating that the heat 
treatment process had returned the sheet steel material to isotropic 
behaviour. 
The trace shown in Fig 4.2 showed a typical load/displacement curve 
for mild steel this being characterised by an initial linear elastic 
ramp up to the yield stress level then followed by a plateau denoted 
as the dynamic stress level. The magnitude of this plateau is 
effected by the strain rate which was applied to the specimen. For 
this reason it is not advisable for designers to use it as a 
reference value for the material. 
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When the strain rate tends to zero i. e. the test actuator or load 
application device is put on HOLD a spike develops downwards to a 
level which if this operation is repeated tends to be at a constant 
repeatable value. The lower value of this spike is called the static 
yield stress and it is normal for this to be used by designers in 
their designs. In practice this static stress value is usually up to 
6% below the dynamic stress value but can be up to 15% lower. 
(Additional information/reading on these effects can be obtained from 
Ref 10.1 and Ref 10.2). From the tensile test results in Table A 
this feature was confirmed as in the case of both the longitudinal 
and transverse grain direction specimens the static stress magnitudes 
were, for the most part, between 4% to 5% lower than their dynamic 
counterparts with the greatest difference on three specimen sets 
being 14%. 
While all these mechanical property tests were carried out in 
tension, in reality the structural elements that they refer to are, 
by and large, all compression carrying members. A debate therefore 
exists as to the direct applicability of using in design such tensile 
test derived values in members known only to be subjected to 
compressive loads. Where the governing factor of a member is its 
compressive strength this will be determined by its compressive yield 
stress. 
However desirable to undertake, compressive yield tests are not 
commonplace due to the practical difficulties of setting up and 
running the tests. A problem which prevails when testing tube 
sections in compression is the tendency for the ends to bulge so 
causing a lower apparent value of yield stress to be obtained. 
Methods do exist to attempt to address these problems of testing and 
in Ref 10.3 a specification in which the test piece is required to 
have a D/t ratio < 60 and an 1/D ratio =3 is suggested. 
In the tests discussed in this thesis where the D/t ratio is in 
excess of 500 it was considered more appropriate to follow the 
general practice of determining the mechanical properties of the 
material from tension tests of strip coupons and then to assume that 
the yield stress values in tension are also applicable in 
compression. This assumption remains a source of controversy. In 
Chapter 1.2, Page 7 of Ref 10.4 a full review of researchers efforts 
in this area can be found. 
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While it is relatively easy to reproduce in a model overall geometric 
parameters such at D/t or 1/r ratios, the meaningful and accurate 
reproduction of typical geometric imperfections of manufacturers are 
considerably more difficult to achieve as these are, for the most 
part, direct functions of the manufacturing process or procedure 
itself. 
Before discussing the imperfection levels measured in the models 
tested in this thesis, it is perhaps beneficial to consider what was 
being attempted to be modelled by considering how the imperfections 
of manufacture occurred in the full size structures. 
In the full size structure, imperfections are introduced by the 
process of cold rolling plate into a circular shape, even allowing 
for the rolling set-up whereby end rolls react against the 
deformations resulting from the anticlastic tendency of the plate. 
To this are also added the deformations caused by the welding of the 
longitudinal seam to form the can element. In this case the shell or 
can would not be rolled from a single plate but be fabricated by a 
number of curved plate elements welded at their longitudinal edges. 
To minimise imperfections at this stage the plates should have had 
their leading and trailing edges pressed to shape prior to being 
rolled in order to eliminate the flat regions as failure to do this 
will cause 'peaking' of the shell to occur at each of its 
longitudinal seams. Thus, the resulting effect of rolling and 
welding will be to induce into the shell imperfections of a periodic 
nature with strong components in circumferential harmonics that are 
integer multiples of the number of longitudinal welds in the shell. 
If the shell incorporates ring stiffeners then this will have a 
significant effect on the imperfection levels but these will be of 
axisymmetric form. 
Studies have shown that these imperfection forms can have a very 
pronounced deleterious effect on the load carrying capacity of shells 
which have a tendency towards elasto-plastic collapse in axisymmetric 
modes. While most design codes recognise this situation and 
incorporate appropriate measures within their acceptable amplitude 
level tolerance bands, the shell length dependence over which these 
bands apply is not. 
Imperfection levels which are acceptable for shells of 1>4 
1rt) 
may if applied to shells of 1< 4(rt) result in unreasonably low 
estimates of collapse strength in theoretical design studies. 
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In the approach taken to manufacturing the models described in 
Chapter 4, no attempt was made to replicate the methodology of 
manufacture of the full scale counterpart or to simulate its 
distribution or magnitude of residual stress fields. To eliminate 
the effects of peaking of the can in the region of the longitudinal 
seam weld the can strips were cut overlong and then over-rolled to 
enable both their leading and lagging edges to be back-trimmed so 
that the adjacent edges of the seam were of exactly the same 
curvature as the remainder of the shell. 
By the use of precision machined welding jigs, to which the can 
elements were rigidly clamped, it was possible to reduce the tendency 
for the cans to deform radially outwards, but more particularly, 
eliminate any inwards radial penetration. The further use of copper 
strips in the welding jigging to draw the heat of the TIG welding 
process directly into the general mass of the jig also greatly 
eliminated the potential for shell distortion caused by residual 
stress effects. As both the plain and ring stiffened models were not 
heat treated or normalised whilst mounted on the jig or former, it 
was essential that both the residual stresses resulting from both the 
longitudinal and circumferential seam welds were kept to a minimum. 
The techniques employed in making these small scale models ensured 
that geometric similarity was not only of overall parametric form but 
also extended to being able to manufacture within the imperfection 
tolerances of the DnV Codes. 
While the modelling of geometric parameters, even the tolerances of 
manufacture, can be done with considerable conviction the extension 
of this approach to replicating residual stress fields occurring from 
the TIG welding process was not considered possible and therefore not 
attempted. The heat treatment or normalising process discussed 
previously to regain the characteristic yield profile of the material 
also served to stress relieve the welds therefore the model was 
tested in an internal stress free state as even the mounting of the 
shell to its end rings was done using a non-metallic joining process 
so as not to induce any stresses within the shell. 
In testing thin walled shells, particularly when they are of small 
scale and of the geometric parameters discussed in this thesis, it is 
essential that the shell of the model is finished within very fine 
limits of parallelism so that the contact surfaces of the can at its 
top and bottom locations when mounted in its end rings allows a 
uniform transmission of load. It is also critical that the model 
itself is mounted concentrically within the test rig. 
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Parallelism of the model was designed into every stage of its 
manufacture. Whilst on the longitudinal seam welding jig each can 
element was 'parted-off' by a tool mounted in the cross-slide of a 
precision lathe as shown by Fig 4.6. In the case of the single bay 
model like C1, C2 and C3 the can's edges were then deburred before 
being hand lapped using rubbing paper and lubricant. In the case of 
the multi- bay model each pair of can elements was very carefully 
mounted onto the circumferential seam welding jig after having both 
its contact edge similarly lapped. On being mounted onto the 
precision end rings using epoxy resin, the whole assembly was then 
re-surveyed on the surface plate for variations in parallelism, not 
only between the outer faces of the end rings but for variations in 
height around the internal ring stiffeners. 
These steps while very time consuming were absolutely necessary in 
ensuring the parallelism of the completed assembly. 
Equally important to ensuring uniform application of the load to the 
model was the design of the loading head assembly and also its 
concentric alignment with the model mounting plate secured to the 
body flange of the test rig. 
Adjustments to the radial alignment of the loading head assembly 
shaft and the model mounting plate were performed by using five 
jacking screws anchored to the rigs upper support ring. 
Final checks on the uniformity of load application required that a 
model, instrumented with strain gauges at 900 locations, be tested to 
monitor the consistency of longitudinal membrane stress around the 
shell. 
As stated previously, the main compression elements in off-shore 
structures are cylindrical thin walled shells normally stiffened 
internally by either ring or stringer stiffeners or in the case of 
orthogonally stiffened shells by combinations of both of these. The 
simplicity of the cylindrical shell belies the complexity of its 
instability behaviour in both the elastic and plastic ranges. 
These shells when tested may collapse in a number of different ways 
according to their geometries, boundary conditions, material 
characteristics, shape imperfections due to manufacturing techniques 
and also by residual stresses induced by welding. 
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The full scale manufacture and testing of such elements under axial 
compressive load, hydrostatic pressure and more particularly combined 
loading conditions would, if it were possible, be so expensive that 
few tests would ever be commissioned. Modelling with all its own 
particular problems of scale effect remains as the most practical way 
that the researcher has of undertaking sufficient numbers of tests or 
experiments, over the range of interest parameters, to provide 
designers with some guidance as to how shells behave in practice. 
In their book, Supple, Ellinas & Walker (Ref 10.4 page 153), state 
that when considering the effects that imperfections and residual 
stress have on the behaviour of full size shells, gaps in knowledge 
can be overcome by 'careful experimentation' but also that such an 
approach 'may prove to be an expensive undertaking, except, possibly, 
where small scale modelling can be used. '. 
An alternative approach suggested in the same Reference was 'the use 
of theoretical methods, both of analytical and numerical nature. 
Where these are shown to reproduce experimental behaviour, they can 
be used with a degree of confidence in extensive parametric studies 
for the development of Design Code information'. 
A reservation to the above position was that 'this may not be such a 
straight forward exercise in the case of shell buckling'. 
While in the context of imperfections and residual stress the above 
comments are valid on other related areas of shell research 
concerning behaviour of perfect shells, behaviour of damaged shells 
or behaviour of damaged shells when repaired. 
This thesis, by way of its unique programme of experimentation under 
different forms of loading conditions using various geometric forms 
of models all of the same generic size, concept and methods of 
manufacture has sought, as one of its key aims, to collect such an 
array of strain, displacement and reduced stress data concerning 
shell behaviour that it will provide an invaluable source of data for 
the future validation of non-linear FE analysis into shell behaviour. 
When such validation has been undertaken such programmes can then be 
used to investigate the effects of residual stresses within shells 
and other forms of damage on shell buckling strength. 
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10.2 PLAIN MODEL SERIES, WITH REPAIR BY STRUT AND BY PATCH 
10.2.1 Review of Test Series and its Aims 
In this series of tests three models denoted as Cl, C2 and C3 
were tested. 
Models Cl and C2 formed a complementary pair and both, after 
having sustained an identical form and level of imposed damage, 
were tested to collapse under combined loading conditions. On 
Model C2 a repair strategy of using two externally mounted 
vertical props or struts to bridge across the damaged zone was 
investigated, whereas Model Cl was tested purely in its damaged 
condition to benchmark C2 against. With Model C3, after it had 
been dented, the repair approach was to use a plate patch to 
cover the entire damaged area of the shell. 
A primary objective of the thesis was to investigate, in 
detail, the stress/strain behaviour of the shells tested with 
the aim of building up a bank of stress/strain data from which 
both future designers and researchers could benchmark their 
respective designs and F. E. or numerical analysis against. 
To satisfy this requirement separate elastic tests under both 
hydrostatic pressure and axial compressive loads were carried 
out on Models Cl and C2 prior to their collapse test. 
The primary aim of Model Cl was to investigate how the 
longitudinal and circumferential membrane and bending stresses 
re-distributed themselves around and through the damaged area 
of the shell under the different loading conditions. To 
achieve this aim a quarter segment of the damaged zone was 
strain gauged using a4x3 matrix of orthogonal strain gauges 
on both the inner and outer surfaces of the shell. 
In Model C2 the aims were twofold, to determine if the repair 
had any significant effect on increasing the magnitudes of the 
collapse test parameters from that of Model Cl and also to 
determine the effect that the repair had on the previous 
distributions of longitudinal and circumferential membrane and 
bending stress. 
Model C3, being repaired with a plate patch over the entire 
damaged area, was not tested as one of a series and therefore 
not able to be benchmarked against any other model tested. 
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The aim of the test was to investigate the practicalities of 
undertaking this particular type of repair approach on small 
scale models in future experimental investigations, which by 
its requirement to lay-in extensive continuous runs of TIG 
fillet welds could result in unacceptably high imperfection 
levels particularly at the shell/patch boundary. Of equal 
importance, was to establish the difficulties and develop 
solutions to enable strain data to be extracted from the 
enclosed cavity between the inner face of the patch and the 
shell from which the resulting stress data would be reduced. 
From this, the effectiveness of the plate to have induced into 
its circumferential and longitudinal load carrying 
characteristics could be established. 
10.2.2 Model Cl, Review of Results 
From the elastic tests carried out on this model a substantial 
quantity of detailed stress data was acquired which provided a 
valuable insight into the mechanics of how the shell behaved 
regarding both membrane and bending effects action in and about 
the vicinity of the dent when subjected to separate hydrostatic 
and axial compressive loading tests. 
When subjected to hydrostatic loading, where both the 
longitudinal and circumferential membrane stresses should have 
been compressive, substantial longitudinal tensile membrane 
stresses in excess of twice the normal compressive values were 
recorded within a vertical distance of 8 shell thicknesses of 
the dent crease. 
At position No 1, near the centre of the dented area and shown 
by Fig 6.8, this high tensile membrane stress was accompanied 
by only nominal bending effects indicating that panel 
stretching was going on under the action of the hydrostatic 
loading. In other regions of the dent crease, position No 5 
shown by Fig 6.12, this tensile membrane effect is present 
whereas adjacent to the extremity of the diamond form of the 
damaged area at position No 9, shown by Fig 6.16, it is 
apparent that the shell in this region is carrying 
significantly more than its nominal compressive membrane stress 
along with a significant tensile surface stress on its external 
surface. At positions No 1 to No 7 the circumferential 
stresses, shown by Fig 6.120 to Fig 6.126, indicated that in 
addition to the membrane behaviour of the 
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shell being tensile, this has resulted in significant levels of 
tensile surface stress on the panels up to levels of 90% of the 
materials yield stress. 
If higher working membrane stresses occurred and these resulted 
in commensurately higher bending stress effects, as indeed 
would probably be the case, and if these effects were caused by 
the cyclic application of wave, wind or tide action then these 
stress levels could result in the beginning of fatigue cracking 
of the shell. This type of effect was investigated by Kwok, 
McCall and Walker in Ref 10.5. 
When subjected to axial compressive loading the model provided 
valuable data concerning the ability of the shell to either 
carry or transmit this form of loading. Within the diamond 
shaped envelope of the dented region there was almost total 
inability of the shell to carry any significant level of 
longitudinal membrane stress. This feature is evidenced by the 
distributions of longitudinal membrane stress at positions No 1 
to No 8 shown by Fig 6.32 to Fig 6.39 respectively. 
An important finding from both of these elastic tests was that 
while the effects of the dent on the shell can be quite 
significant in terms of resulting membrane and bending stress 
actions these effects are localised to small distances from the 
envelope of the damaged zone. 
A feature of these two elastic tests is that, while many tests 
have been carried out previously to investigate the effects 
that dents have on the load carrying capacity of thin walled 
shells, the tests reported here are believed to be the only 
ones where by using a matrix of orthogonal strain gauges within 
and about the damaged region of the shell it has been able to 
build up a bank of membrane and bending stress data under two 
typical loading applications from which the resulting 
distributions of a modelled FE analysis would be compared. 
This model, while it did not totally fail in the structural 
sense, was considered to have collapsed when an applied axial 
compressive load of 24kN had been applied to the hydrostatic 
system pressure of 0.24N/mm2. Combined, these two loading 
parameters equate to an axial compressive load of 43.3kN being 
applied to the model while under the action of an external 
lateral pressure of 0.24 N/mm2. 
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Due to the geometric ratios of this shell, the anticipated mode 
of failure under either hydrostatic or axial compressive 
loading was of periodic form. This was indeed the case as 
evidenced by Fig 6.58 where a number of oval shaped buckles 
developed from the LHS of the line dent. Of particular 
interest was the width of the two buckles which formed adjacent 
to the dent. In Fig 6.8 it can be seen that the width of the 
buckle which formed in the dented region terminated about the 
vertical centreline of the outer array of strain gauges some 
48mm from the centreline of the dent as shown in Fig 6.3. This 
would approximate the angular pitch of the dent buckle to be 
360. Comparison with the vertical generator lines of the model 
which were at 100 intervals indicate a buckle width of 280. 
This result would tend to confirm the views that the width of 
the dent would influence the periodic mode that the shell 
buckled into overall. 
10.2.3 Model C2, Review of Results and Repair 
The primary aim of Model C2 was to determine whether the strut 
repair in any significant way increased the failure load from 
above that obtained from the benchmarked Model Cl. 
Prior to the collapse test the model was subjected to two 
separate elastic tests under hydrostatic pressure and axial 
compressive loading to determine what compressive load, if any, 
the two support struts had induced into them from the surface 
stress effects on the shell by the shear lag effect. 
In the hydrostatic elastic test the averaged compressive 
strains within the two struts when reduced into stress and load 
form indicated that the struts had picked up that portion of 
the hydrostatic downthrust equivalent to that which should have 
been carried by the arc of the shell covered by the line dent. 
This calculation was shown in Section 6.4.3. 
This circumstance was not detected in the axial compressive 
elastic test where only 10% of the axial compressive load which 
the corresponding length of shell arc should have induced into 
the struts was measured. This effect may be explained by the 
fact that as the only mechanism available to the struts to 
attract load into themselves was the shear lag effect 
from the 
outer surface of the shell, then the absence of 
longitudinal 
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and bending action about that area of the shell, shown from 
Model Cl, could only result in a low load 'pick-up'. 
What the results of these elastic tests on Models Cl and C2 
indicated was, that it was only the effects of the axial 
downthrust component of the hydrostatic loading which attracted 
load into the struts. The most plausible mechanism to 
explain these effects is that under hydrostatic conditions the 
inwards lateral thrust of the pressure promotes the damaged 
region of the shell to fold in on itself so inducing a 
compressive reaction in the struts to oppose this action. In 
the case of pure axial compressive loading, the natural 
deflected form of the shell outside the damaged envelope is to 
move radially outwards due to the anticlastic effect, this 
effect being more than sufficient to overcome the 'pinching' 
action at the dent caused by that part of the axial compressive 
loading which acts across the dent. 
Model C2 collapsed when an applied axial compressive load of 
27.5kN had been applied to the hydrostatic system pressure of 
0.24N/mm2. Combined, these two loading parameters equate to an 
axial compressive load of 46.8kN being applied to the model 
while under the action of an external lateral pressure of 
0.24N/mm2. 
The mode of collapse was almost identical to that of Model Cl 
where the shell had collapsed in periodic form with a number of 
oval buckles of similar form being developed, only this time on 
both sides of the dented region. The level of deformation was 
considerably more severe in this test as the shell had been 
allowed to collapse as opposed to the test being terminated at 
the first signs of distress. 
Of particular interest in this test was the behaviour of the 
two struts, shown by Fig 6.113 and Fig 6.114 for both phases of 
the combined loading test. These strain records showed quite 
clearly that under the initial hydrostatic loading phase, both 
struts were having induced into them equal magnitudes of 
compressive load with only limited scatter about the average 
figure, but when the axial compressive phase began the rate of 
load 'pick up' decreased significantly in addition to there 
being a much wider scatter from individual strain gauges on the 
struts. From this scatter of strain gauge data it can be 
deduced that the struts were experiencing both bending and 
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possibly twisting actions, via their anchorages, by movement of 
the shell as the outwards anticlastic effect of the damaged 
shell attempted to reverse the inwards radial displacement of 
the hydrostatic pressure. 
In reviewing the results of the collapse test for the two 
models it can be seen that if the collapse parameters were 
presented as a combination of hydrostatic pressure and axial 
compressive load then the repaired model experienced an 
increase of 14.6% gain in axial compressive load whereas if the 
parameters are presented as external lateral pressure and axial 
compressive load then a lower increase of 8% gain in axial 
compressive load would have been obtained. For ease of 
scrutiny these results have been presented as points on a non- 
dimensional load interaction diagram, shown by Fig 10.1, where 
the respective model material values of the static yield stress 
have been used as the reference. 
It would be imprudent to base any decision of consequence on 
this single pair of results but an interesting feature of the 
collapse test in Model C2 was that when comparing the oval 
shaped buckles of the collapsed form, the damage envelope of 
the dented region still retained its diamond shape suggesting 
that at failure this region still retained its original dented 
structural forms. 
10.2.4 Model C3, Review of Results and Repair 
While the aim of Model C3 was to investigate the practicalities 
of this form of repair being performed on small scale all- 
welded steel fabrications, the opportunity was taken to strain 
gauge the repair patch to obtain stress data under combined 
loading conditions of how the plate carried the load effects 
which had been induced into it by the shear lag effect from the 
longitudinal and circumferential seam welds which bounded it to 
the model shell. 
A characteristic of a line dent in a cylindrical thin walled 
shell is that adjacent to the extremities of the dent a 
radially outwards rise or bulge develops in the shell which 
decays quite rapidly into the nominal cylindrical shell form. 
This feature is part of the mechanics of shell deformations and 
would occur on the full size structure in the same manner as on 
the model. The outwards displacement of this bulge is many 
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times outside the acceptable imperfection tolerances for the 
Design Codes. To accommodate for these two bulges the patch 
could be rolled to a greater curvature, but this would 
necessitate considerable plate bending in the longitudinal 
direction to accommodate its circumferential edges being welded 
to the shell. By increasing the circumferential length of the 
plate and bringing its curvature nearer to that of the shell 
would reduce the problem of longitudinal bending but this 
solution would only be achieved as a trade-off to using a 
significantly longer plate. 
By following the fabrication procedures discussed in Section 
6.5.1 it was possible to weld the patch to the shell with 
minimal localised distortion at the welded seams. The aim of 
this particular model test was achieved. 
While the radial profile of the patch is greatly in excess of 
the radial imperfection levels permitted for a fabricated shell 
it should be remembered that the parent shell remained 
underneath the patch and that the purpose of the patch was not 
to mimic the exact curvature of the shell but to offer an 
alternative load path for both longitudinal and circumferential 
membrane stresses to bridge across the dented or damaged 
region. 
This model did not have an identical unrepaired counterpart 
with which to compare the collapse test parameters against 
therefore it is not possible to make firm statements as to the 
adequacy of the repair approach. It is however possible to 
make the following observations: - 
The R/t and 1/r geometric parameters 
and 0.53: 1 respectively are markedly 
Models Cl and C2 at 267: 01 and 0.63: 1 
remained the same in that it was of 
form with an arc length of buckle 
equates to that of 360 for a 4nm resid 
for this model at 190: 1 
different from that of 
but the mode of failure 
overall length periodic 
approximately 320 which 
ual dent. 
While the shell experienced overall periodic collapse round 
much of its circumference, the plate patch remained undeformed 
indicating that the levels of longitudinal and circumferential 
stress levels which were present were not sufficient to cause 
the plate to buckle. The most plausible cause of this 
circumstance is that the shell underneath the patch was capable 
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of offering an alternative load path therefore reducing the 
membrane loading through the patch. 
The displacement behaviour of the shell at point 'X', some 
distance from the damaged zone and shown by Fig 6.143 and Fig 
6.144, indicated that the characteristic hourglass form which 
developed within the shell during the initial hydrostatic phase 
of the test remained throughout the application of the axial 
compressive load, albeit in slightly reducing magnitude. When 
the model collapsed the hourglass shape remained, demonstrating 
that the anti cl asti c effect of the shell had not been able to 
overcome the lateral pressure loading on the shell. This 
behaviour was repeated at point V, located at the mid point of 
the plate patch but with the patch deflecting at twice the rate 
of the shell at 'X'. 
As the patch derived no stiffness from the circumferential 
encastre boundary conditions offered by the end rings to the 
shell it could only depend on the runs of continuous fillet TIG 
weld to the shell to develop its boundary condition action. 
Under these conditions the plate could only be considered to 
have its circumferential and longitudinal boundaries simply 
supported with the resulting increase in deflection at its mid 
point. 
Designers must therefore be mindful when sizing the thickness 
of plates for this type of repair that the boundaries cannot be 
butt welded (as indeed are the shell elements in the full size 
structure) and that a fillet weld has only a limited stiffness 
as a boundary condition. As a consequence of this the 
thickness of repair plates would have to be thicker than the 
shell. 
At point W, shown by the same two diagrams, where the repair 
patch had been sized to make tangential contact with the 
extremity of the bulge as it bridged across the damaged zone, 
any outwards radial movement of the bulge would be immediately 
transferred through the plate patch to be monitored by the 
transducer. While under hydrostatic loading the action of the 
shell was to displace radially inwards, this was not the case 
at point W. From the onset of the hydrostatic 
loading the 
action of the bulge was to displace radially outward as shown 
by Fig 6.143. While this outwards movement was only 3 of the 
plate thickness at the maximum pressure it increased very 
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dramatically with the addition of the axial compressive 
loading, amounting to 22% of the plate thickness at collapse. 
The strain gauge rosettes at positions No 1 and No 2 on the 
repair patch shown by Fig 6.127 to Fig 6.134 and at position No 
3 on the shell immediately adjacent to it, shown by Fig 6.135 
to Fig 6.138, were intended to measure what membrane action 
effects of the shell, both longitudinal and circumferential, 
were able to be induced into the plate by way of the TIG fillet 
welded boundaries. Being strain gauged on both sides of the 
repair patch also enabled valuable data to be obtained 
concerning the bending behaviour of the repair patch. 
The strain gauge experienced results at position No 3 on the 
shell adjacent to the patch and at position No 1 at the mid 
point of the repair patch returned almost identical 
distributions of both longitudinal and circumferential bending 
behaviour under hydrostatic loading indicating that, at least 
at this position, the repair patch was able to simulate normal 
'undamaged' shell behaviour. At position No 2 the findings 
were the same for the circumferential membrane and bending 
effects but only marginally the same regarding longitudinal 
effects where there was an inability to have induced into it 
any form of membrane action. At this position it is possible 
that the most preferred load path for longitudinal effects was 
through the parent shell and not the repair patch. Scrutiny of 
the behaviour of the dent reviewed in Model Cl would support 
this suggestion. 
An experimental observation, which on this occasion had an 
element of good fortune about it, was observed by the nature of 
the bending distributions at position No 3 in Fig 6.136 and Fig 
6.138. At the commencement of the axial compressive phase of 
the collapse test both the longitudinal and circumferential 
membrane distributions were identical in nature with that at 
position No 1. The corresponding bending distributions also 
had a high degree of similarity about them. With the 
application of the axial compressive load the magnitude of the 
bending distribution in both the longitudinal and 
circumferential directions began to reduce until at a load of 
125kN the nature of the bending reversed remaining this way 
with ever increasing rate of change until collapse occurred. 
The explanation of these events was given by the photograph in 
Fig 6.125 where it can be clearly seen that the strain gauge 
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rosette No 3 was located on the ridge of the buckle adjacent to 
the edge of the repair patch. 
While the primary aim of this test had been just to investigate 
the practicalities of using a plate patch to repair a damaged 
shell, the resulting data obtained from the strain gauges and 
displacement transducers clearly give a valuable understanding 
into the mechanics of how both shell and repair patch behaved 
whilst under the action of combined loading. 
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10.3 RING STIFFENED MODEL SERIES, WITH REPAIR BY STRUTS 
10.3.1 Review of Test Series and its Aims 
In this series of tests three models denoted as C9, C10 and Cll 
were tested. 
The primary purpose of this test series was to investigate 
further using multi-bay plain ring stiffened models, the repair 
approach discussed previously and described in Chapter 6, where 
struts, or props, were used to effect a repair to the shell. 
The geometric parameters of the shell comprising the bays of 
this model form, and its associated ring stiffeners, were those 
currently used in design and found in practice to be adequate 
for purpose. 
In the previous tests on plain shells, Cl, C2 and C3, the 
effects of the damage process had been contained within the 
rigid confines of the heavy model end rings therefore all the 
energy of the indentation process had been absorbed by 
deformation of the shell within the end rings. 
Measurements of the damaged zone made during previous 
experimental programmes using this design of 5 bay shell (R1 & 
R2 described in Ref 2.9 and Ref 2.14 as well as Section 2.4.2 
of this thesis) had determined that at this level of damage (9 
plate thicknesses) the ring stiffeners adjacent to the damaged 
bay were incapable of containing the effects of indentation to 
within the damaged bay and that the radial form of the rings 
was replaced with a flattened zone over a prescribed arc of 
damage. It should be noted that little out of plane rotation 
of the ring stiffener was evident and that the ring deformation 
process was essentially perpendicular to the axis of the model. 
When both of these shells were tested under combined loading 
conditions they failed by overall periodic collapse, the 
buckles forming about and around the dent crease indicating 
that at certain levels of hydrostatic pressure these designs of 
shell, when damaged, had a susceptibility to fail in this way. 
10/19 
10.3.2 Model C9, Review of Results 
This model collapsed when an axial compressive load of 139.85kN 
had been superposed onto the shell whilst being subjected to an 
external lateral pressure of 0.15N/mm2. 
Ring stiffened shells of this type generally fail in one of 
three main collapse modes, 
a. ring stiffener failure 
b. local failure of the shell between the rings 
c. general instability, 
depending on parameters such as the relative stiffness of the 
shell plating and the ring stiffeners and also their spacing. 
With inter-ring failure the mechanics of failure is generally 
one of two modes, axi-symmetric and periodic. In the first 
mode, collapse is mainly influenced by strength and is commonly 
found on tests on small or squat shell geometries. This 
failure mode is easily identified by the characteristic axi- 
symmetric 'corrugated' form around the circumference of the 
shell. In the latter mode, instability of the shell is the 
driving mechanism and this results at failure in a series of 
waves or bulges appearing around the shell. Shells of this 
type tend to be very imperfection sensitive particularly where 
the predominant form of applied loading is axial compression. 
In the photograph of the collapsed shell shown by Fig 7.4 the 
deformations of the characteristic mode of failure have been 
suppressed by the extensive additional deformation caused by 
the end shortening of the model, this having resulted from the 
'load trips' on the hydraulic actuator not having been as 
sensitively set as hindsight would have preferred. 
Not withstanding this circumstance it would appear that the 
characteristic mode of failure was inter-ring periodic 
extending over three of the five bays of the shell. No sign of 
a general instability of the shell was evidenced at any region. 
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Being encased within the pressure vessel at the point of 
failure did prevent direct observations to be made of the shell 
as it deformed under the actions of the applied loading. 
However, while such knowledge was not available directly the 
instrumentation associated with the test did provide a very 
detailed 'picture' of how the shell behaved during each of the 
two loading phases of the collapse test. 
The design of the strain gauge instrumentation had a number of 
aims, not the least being, to monitor the equality of how each 
of the five bays carried the effects of both longitudinal and 
circumferential membrane and bending stresses during each phase 
of the collapse test. 
Of no lesser importance was to determine the behaviour of the 
plain section ring stiffeners and in particular to investigate 
whether the rings were susceptible to out of plane movement or 
rotation under either of the loading forms. Code requirements 
suggested that this should not be a problem with the geometric 
parameters of the plain section rings used in the design of 
these models. 
Of particular interest to a researcher developing an analytical 
model to predict the behaviour of such a shell under combined 
loading conditions is how the natures of the distributions of 
both membrane and more particularly bending stresses developed 
firstly under one form of loading and then are reduced in 
magnitude before changing their nature to accommodate the 
influences of the new and additional loading form. 
This particular test, with the results of the strain gauge 
distributions shown by Fig 7.6 to Fig 7.38 for positions No 1 
to No 8 respectively, achieved this aim. 
During the initial hydrostatic phase of the test the 
distributions of both longitudinal and circumferential membrane 
stress for the locations at the mid height of each of the five 
panels gave almost perfect correlation with the calculated 
nominal value confirming that by using a combination of 
precision manufactured models and detailed instrumentation it 
was possible to replicate accurate behaviour both qualitative 
and quantitative at small scale. In a similar fashion the 
nature of the panel bending stresses confirmed that the bays 
were developing into the classical hourglass configuration. 
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This behaviour was also confirmed by the traces from the two 
pairs of displacement transducers mounted coincident with both 
the ring stiffeners and the two panels at their mid height. A 
high degree of repeatability of result was determined at both 
pairs of locations with the inwards radial deflection at the 
stiffening rings some half of that at the panels mid height. 
On application of the axial compressive load the distributions 
of longitudinal and circumferential membrane stresses followed 
the same general close confirmation with the calculated nominal 
value, but it was evident that above an applied load of 50kN a 
scatter of values was beginning to develop. 
The rate of development of the radial displacement 'hourglass 
effect' initiated during the hydrostatic loading phase reduced 
with the application of the axial compressive loading, but at 
the point of model collapse the outwards radial displacement of 
the anticlastic effect had not overcome the initial inwards 
radial displacement, therefore the hourglass form remained. 
The strain gauges gave no indication of the pending failure by 
either a dramatic increase in membrane or bending action and 
even at the two locations on the ring stiffener where the same 
form of local influence was apparent on both gauges the strain 
gradient remained in the same previous direction. 
10.3.3 Model C10, Review of Results 
This model was tested in its damaged condition where a 5.26mm 
dent, equivalent to about 9 plate thicknesses, had been 
imparted at the mid height of the centre panel. 
The model failed when an axial compressive load of 115.5kN had 
been applied whilst under a hydrostatic pressure of 0.15N/mm2. 
These collapse parameters are equivalent to the combined 
loading conditions of an axial compressive load of 127.55kN at 
an external lateral pressure of 0.15N/mm2. 
The reduction in load carrying capacity of this 'damaged' model 
compared with C9, its 'perfect' counterpart, is shown presented 
in the interaction diagram shown by Fig 10.2. This diagram 
clearly demonstrates that the shell was being tested in a 
region where axial compressive loading was the predominant 
form. 
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Confirming the observations noted on Model C9 at collapse, this 
mode of failure was of periodic form with much of the 
deformation terminating at the upper and lower ring stiffener 
boundaries. The three views shown by Fig 10.3 to Fig 10.5 
which cover the entire circumference of the shell confirm that 
all the deformation was limited to the 'dented' middle panel 
and the two panels adjacent to it with the upper and lower 
panels remaining undamaged. 
This result is significant in that on a previous test programme 
using identical models with the same level and location of 
damage (Models R1 and R2), the primary mode of collapse was 
overall periodic extending over all five bays of the shell. 
This suggests that while the geometric form of the panels and 
ring stiffeners of this type of model are adequate to contain 
the effects of collapse within the bays then this may only be 
appropriate at that region of the load interaction curve where 
axial compressive loading is the predominant form and that such 
shells, when damaged, may be vulnerable to overall periodic 
collapse where hydrostatic or external lateral pressure is the 
predominant form of loading. For comparative purposes both the 
initial and final collapse parameters for Models R1 and R2 have 
been included on the load interaction diagram and photographs 
of the respective shells at collapse are shown by Fig 10.6 to 
Fig 10.7 respectively. The lower combined plot for Models R1 
and R2 refers to the initial failure that both of these models 
underwent at a hydrostatic pressure loading of 0.4N/mm2. 
Thereafter, each on re-application of the applied system 
pressure was capable of further sustained loading at different 
system pressures until individual model failure occurred, these 
points being shown for Models R1 and R2 by the broken lines 
from the original initial failure datum. 
The instrumentation on Model ClO was minimal with only four 
displacement transducers being used. Transducers X and Y were 
positioned at the mid panel height on two adjacent bays to be 
directly comparable with X and Y on Model C9. The traces of 
both tests (Figs 7.39 to 7.40 and Figs 7.48 to 7.49) showed a 
clear symmetry of form and distribution and while the absolute 
values varied it must be appreciated that the maximum measured 
displacements were only 0.02mm. 
Of note are the distributions from transducer 'V' located on 
the crease of the dent and 'W' at the mid height of the panel 
10/23 
adjacent to the dent but coincident with 'V' and both shown by 
Fig 7.48 and Fig 7.49 for both phases of the collapse test. 
While the displacement distributions under hydrostatic pressure 
and the initial phase of the axial compressive loading remained 
linear, above an applied load of 75kN the rate of increase in 
displacement with respect to applied load began to increase 
this feature being repeated at position W. At these damaged 
regions of the shell the displacements at V and W just prior to 
the shells collapse were equivalent to 250% and 80% of the 
shell's thickness, this being in direct contrast to the value 
of 3% formed elsewhere in the undamaged regions of the shell. 
10.3.4 Model C11, Review of Results and Repair 
This model was tested in its 'repaired' condition after it had 
sustained an identical form and level of imposed damage as 
Model ClO. The method of repair was four struts whose combined 
area was intended to equate on an 'area for area' basis with 
that section of the damaged shell where the shell had been 
effected by the dent. Hence this arc extended past the bulges 
which existed at the dent extremities to the point where the 
outwards deformation of the shell had reduced to the nominal 
radius of the model. 
The model failed when an axial compressive load of lOOkN had 
been applied whilst subjected to a hydrostatic pressure of 
0.15N/mm2. These collapse parameters are equivalent to the 
combined loading conditions of an axial compressive load of 
112.05kN at an external lateral pressure of 0.15N/mm2. 
This result, while disappointing in that it had not achieved 
an increase on the collapse parameters of its unrepaired 
counterpart ClO, did provide useful information as to the 
behaviour of the shell in both the repaired region and also 
elsewhere. 
The collapse parameters of this model are plotted on the load 
interaction diagram shown by Fig 10.8 along with those of 
Models C9 and C10. 
Whilst the repair did not achieve the desired aim of increasing 
the load carrying capability of Model C10, it can be considered 
to have had an effect in preventing any significant structural 
failure of the shell within the 'repaired' region. 
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10.4 RING STIFFENED MODEL SERIES, WITH REPAIR BY CURVED 'T' SECTION BEAMS 
10.4.1 Review of Test Series and its Aims 
The previous discussion on Model C10 (Section 10.3.3) had shown 
that at damage levels of about 9 plate thicknesses the mode of 
collapse was not that of overall length periodic form but of a 
series of periodic buckles which formed within the bays and 
were constrained by the stiffening rings. 
Tests on identical Models with the same level and form of 
damage (Models R1 and R2 discussed in Chapter 2), had shown 
that at the same level of hydrostatic pressure both models 
experienced an initial failure of overall periodic form at the 
damaged zone without incurring any inter bay buckling elsewhere 
in the shell. However, each when reloaded, exhibited a 
capacity to sustain increased hydrostatic loading above the 
previous 'initial collapse' level. 
The significant parameter between these three tests was the 
system hydrostatic pressure, this being 0.15N/mm2 in the case 
of Model C10 and 0.4N/mm2 as the initial collapse pressure for 
both Models R1 and R2. Subsequently, as shown in Fig 10.9 
Model R2 failed at a hydrostatic pressure of 0.55N/mm2 and 
Model R1 under combined loading conditions where the system 
pressure was held constant at 0.5N/mm2. At final collapse, 
both additional overall length periodic buckles and inter bay 
periodic buckles formed at different regions of the shell. 
From these results it can be seen that at lower levels of 
hydrostatic pressure, the geometries of the shell and their 
respective stiffening rings confirm the view that at damage 
levels of 9t the rings are adequate to contain the periodic 
mode of failure to inter bay, but as the hydrostatic pressure 
increases so does the susceptibility of the shell to fail by 
overall periodic buckling due to the inability of the 
stiffening rings to react against rotation by the effects of 
the hydrostatic pressure. 
The results of these three tests, C10, R1 and R2, are shown 
plotted on the load interaction diagram by Fig 10.9. For 
Models R1 and R2 the 'initial failure' point has been taken as 
the point of collapse with the individual absolute failure 
points for Models R1 and R2 as dotted lines. For completeness, 
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the trace of ClO to the upper or final collapse parameters of 
Models R1 and R2 have been included on this diagram by the two 
heavy broken lines. 
The results from the previous tests had confirmed that when 
subjected to 'higher' levels of hydrostatic pressure, these 
levels not being untypical of that to which the shells could 
find themselves subjected to in service, this design of shell 
was vulnerable to overall periodic collapse when subjected to 
'typical' levels of imposed damage. It was therefore decided 
to conduct all future tests on this design of shell at the 
higher hydrostatic pressure of 0.5N/mm2. As the cost 
constraints limited the numbers of shells which could be 
tested, it was further decided to keep the form and level of 
the imposed damage constant, but to consider its effects on the 
shell when applied coincident to the ring stiffener as well as 
at the mid height of the bay. 
To achieve this objective it was decided to test four models, 
these being designated as C4, C5, C6 and C12. 
Model C12 was to be tested to collapse in its 'perfect' 
condition under combined loading conditions with the 
hydrostatic pressure constant at the stated 0.5N/mm2 to act as 
the upper benchmark from which the repaired models could be 
compared against the lower limit having been set previously by 
Models R1 and R2. This test would provide a valuable reference 
point on the load interaction curve. 
Models C4, C5 and C6 were all to be subjected to simulated 
damage, repaired and then tested to collapse under the 
previously stated combined loading conditions. 
To investigate whether the level of the imposed damage (depth 
of 9t) was too severe for that height of bay with its resulting 
'straightening out' of the stiffening rings adjacent to it, it 
was decided to impose the damage on Model C4 coincident with 
the ring stiffener in the hope that the mode of failure would 
be limited to within the boundaries of two bays rather than 
cascade over the full height of the shell. 
The pilot method chosen to effect a repair on Model C4 was to 
bridge across the zone of damage by four 'T' section curved 
beams welded to the shell at their extremities and located 
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coincident with the four internal ring stiffeners. Depending 
on the results obtained from the tests on Model C4, this basic 
configuration would also be applied, albeit in modified form to 
Models C5 and C6. 
An important aspect of this experimental series of tests was to 
build up a bank of experimental strain gauge and displacement 
transducer data by means of which, it was hoped, would lead to 
a deeper understanding of the mechanics of shell and ring 
stiffener behaviour when subjected to either the indentation 
process or applied loading by hydrostatic pressure, axial 
compressive loading or combinations of both of these. 
In the previous test series on Models ClO and Cl1 no attempt 
had been made to determine the residual stress levels, membrane 
and bending, which were induced into the shell during the 
indentation process. This deficiency was to be addressed in 
this series of tests by examining the residual strain/stress 
distributions at the mid heights of each of the five bays in 
addition to examining the flattening of the ring stiffeners 
under 'attack' from the further penetration of the indenter 
bar. 
10.4.2 Model C12, Review of Results 
This model failed when an axial compressive load of 96.5kN had 
been applied to the shell whilst subjected to a hydrostatic 
pressure of 0.5N/mm2. 
The mode of collapse as shown by Fig 8.117 was of a series of 
inter bay periodic buckles occurring about the upper two bays 
with no other deformation visible on the lower three bays. 
From this result it can be viewed with a high degree of 
confidence that provided the shell is not damaged, this design 
of shell, with its plain section ring stiffeners, is adequate 
for purpose at pressures of 0.5N/mm2. No signs of any overall 
periodic buckling was observed. 
The result of this test plotted on the load interaction diagram 
is shown by Fig 10.10 along with the initial and final 
parameters of Models R1 and R2. 
By the significant drop in axial load carrying capacity the 
vulnerability of this shell to the effects of damage loading is 
evident. 
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This feature is shown further by the load interaction diagram 
shown by Fig 10.11. Here the plots of Models C9 and C12 show 
that in the undamaged condition the reduction in axial load 
carrying capacity of Model C12 is minor even for a significant 
increase in the pressure loading applied to it. This is 
however not the case in the damaged state, where for an 
identical level of imposed damage the ability of Models R1 and 
R2 to carry axial compressive loading is very much reduced by 
the higher levels of applied pressure loading when compared to 
that of Model C10, tested at a pressure loading of only some 
30% of that applied to Models R1 and R2. For the sake of 
clarity only the initial failure parameters of Models R1 and R2 
have been shown. Reference to Fig 10.10 shows their location. 
10.4.3 Model C4, Review of Results and Repair 
An aim of this test had been, by imposing the damage coincident 
with the ring stiffener to contain the effects of failure 
within the two bays adjacent to the indented ring stiffener and 
so eliminate the overall length periodic mode of shell 
collapse. 
To this end the test proved to be a disappointment as at a 
hydrostatic pressure of 0.43N/mm2 the shell collapsed in a near 
identical fashion to Models R1 and R2 (0.4N/mm2) in that the 
periodic buckle extended the full length of the shell. This 
mode of failure can be clearly seen from Fig 8.66. In a 
similar manner to Models R1 and R2 this shell when retested in 
its grossly deformed state was found capable of attaining and 
then sustaining the desired system test pressure of 0.5N/mm2 
whilst further axial compressive load was applied. 
The shell finally collapsed after an axial compressive load of 
7.4kN had been applied to the previously stated hydrostatic 
pressure of 0.5N/mm2. These figures equate to an axial 
compressive load of 47.59kN applied at an external lateral 
pressure of 0.5N/mm2. At final failure the model had collapsed 
into a series of full length periodic buckles extending around 
its circumference as shown by Fig 8.83. 
The collapse parameters of this test are shown plotted on the 
load interaction diagram by Fig 10.12. This diagram shows that 
whilst the initial hydrostatic pressures at failure of all 
three models were very close to each other, Models R1 and R2 at 
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0.4N/mm2 and 0.43N/mm2 for Model C4 the upper or final collapse 
parameters were rather more diverse, namely, 
Model R1 0. 50N/mm2 + 29.6kN 
Model R2 0. 55N/mm2 + O. OkN 
Model C4 0. 50N/mm2 + 7.4kN 
It is worth noting that whilst Models R1 and C4 failed at the 
same upper pressure their plots on the 0 -OF/ ordinate are 
not coincident because of variations in the respective models 
material properties. 
Scrutiny of the graphical results from the denting test, shown 
for both panels and ring stiffeners by Fig 8.11 to Fig 8.24 
respectively, gave the first indication by the very high levels 
of strain on the four ring stiffeners (Fig 8.21 to Fig 8.24 
that their purpose of offering to the shell local bays of 
circumferential stiffness had been compromised. The 
distributions of strain from these gauges bonded to the four 
ring stiffeners indicated that at the furthest away ring 
stiffener from the indentation zone (position No 9, Fig 8.24), 
the residual strain level after indentation was 1.3 (17,000 
microstrain), i. e. about 9 yield strains. With such residual 
deformation to the ring stiffeners the shell would have been 
very susceptable to the application of external pressure. 
Further examination of the strain distribution at this position 
suggested that if it was desired to prevent this geometry of 
stiffener entering into the yield zone then the maximum depth 
of indentation should have been limited to approximately 3mm or 
5t. 
As part of the process of developing further an understanding 
of the mechanics of shell behaviour using strain gauges and 
displacement transducers a series of preliminary elastic tests 
under both hydrostatic pressure and axial compressive loading 
was carried out on this model before it was repaired and 
subsequent to the repair. In the repaired state the repair 
beams were also strain gauged. 
These tests, which were discussed in Section 8.3.3, 
demonstrated from the elastic tests under both loading 
conditions that the behaviour of the shell after the repair 
remained largely identical to that existing prior to the 
repair. 
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During the application of the hydrostatic phase of the collapse 
test, it became apparent from the records of the tensile 
strains on ring stiffeners #1, #2 and #3 shown by Fig 8.77, 
that they were having no effect in preventing the lateral 
effects of the hydrostatic pressure from pushing back the 
entire shell from 'a' to 'e' as shown in Fig 8.4. Examination 
of Fig 8.77 tended to suggest that it was only after the strain 
in ring stiffener #4 had exceeded yield, and plastic 
deformation commence, that prompted the whole zone to collapse 
radially inwards. 
While this model did, when repressurised after the initial 
collapse at 0.43N/mm2 not only manage to attain the desired 
test series hydrostatic pressure of 0.5N/mm2 but also sustain 
an additioanl axial compressive load of 7.4kN, failure was 
considered to have occurred at the initial collapse pressure of 
0.43N/mm2 when the gross deformation to the shell occurred 
about the damaged zone. 
The outcome from this test was the knowledge that if the shell 
was going to be prevented from an overall periodic mode of 
failure, then it was first going to be necessary to stabilise 
the shell from the inwards thrust of the hydrostatic pressure. 
10.4.4 Model C5, Review of Results and Repair 
To remedy the inability of the curved repair beams to prevent 
the damaged zone of the shell from developing into an overall 
buckle as the lateral effects of the hydrostatic pressure 
deformed the internal stiffening rings, a modification to the 
repair was undertaken whereby a number of ties, welded to the 
skin and coincident with the ring stiffeners, anchored specific 
areas of the shell to the repair beams. These ties were 
designed and strain gauged to monitor the effectiveness of the 
arrangement to have the reaction load of the hydrostatic 
pressure induced into them. 
As the object of the test on this model was to attempt to 
increase the load bearing characteristics of that of Model C4, 
particularly under hydrostatic pressure, the form and level of 
shell damage was identical to that of Model C4, whereby the 
damage was imposed coincident with a stiffening ring to a depth 
of 9t. 
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This test was a success in that not only did the ties prevent 
the premature collapse of the shell forming at the previous 
system pressure of 0.43N/mm2 but that the shell retained its 
integrity to the desired system test pressure of 0.5N/mm2, 
whereupon it was able to sustain an additional 25kN of axial 
compressive load before it finally collapsed. This loading 
corresponds to an axial compressive loading of 65.2kN whilst at 
an external lateral pressure of 0.5N/mm2. 
The collapse parameters of this test are shown plotted on the 
load interaction diagram in Fig 10.13. It can be seen that 
these compare very favourably with those of Model C4 which 
could, for the sake of discussion, be considered to represent a 
purely damaged model with which to benchmark the result of 
Model C5 and Model C12, the undamaged reference for both. In 
this diagram both the initial and final collapse parameters for 
Model C4 are shown. Whilst final hydrostatic pressure at 
collapse for both Models C4 and C5 was 0.5N/mm2 they are not 
coincident on the same 77/0-% ordinate, this being due to 
the slight variations in static yield stress possessed by the 
respective model material. 
Irrespective of the effectiveness of the repair technique, at 
the point of collapse the mode of shell failure was of overall 
periodic form extending all the way round the shell as shown 
very clearly by the photographs in Fig 8.102 and Fig 8.103. 
The significance of this feature is that the form of the 
buckles is near identical in width to that of the damage zone 
confirming the view that the width of the damage zone 
influences the period of the mode of failure. From Fig 8.103 
the 'hinges' on the ring stiffeners at the extremities of the 
dented zone which formed the triggers of collapse are clearly 
shown. 
10.4.5 Model C6, Review of Results and Repair 
The results from the previous test on Model C5 had shown that 
by the use of 'ties', which anchored areas of the adjacent 
shell to the curved repair beams, it was possible to stabilise 
the shell from the initial collapse mode experienced previously 
by Models Rl, R2 and C4. 
The collapse parameters of Models C12, C4 and C5 permitted a 
load interaction diagram to be constructed which considered the 
10/31 
effectiveness of the 'tied' curved repair beam technique when 
the damage had been imposed coincident with the ring stiffener. 
It was therefore decided to use the last remaining model of 
this type to repeat the format of the previous test excepting 
that the damage would be imposed at the mid height of the 
centre panel. This test would then permit a second load 
interaction diagram to be constructed from the results of C12, 
R1, R2 and C6. 
Being the last test in the series it was decided to strain 
gauge the model at those locations which would either 
complement existing strain/displacement data or permit direct 
comparison to be made concerning shell behaviour, especially 
with Model C4, under both denting tests, elastic pre and post 
repair tests under both hydrostatic pressure and axial 
compressive loading as well as the collapse test. 
Much valuable data was obtained, this being presented and 
discussed in Section 8.6.3. 
Success repeated success, with Model C6 not only being able to 
attain the 0.5N/mm2 hydrostatic test pressure but was also 
found capable of carrying a 42.5kN axial compressive load 
before finally collapsing. These load parameters represent an 
axial compressive load of 83kN whilst subjected to an external 
lateral pressure of 0.5N/mm2. 
This result is plotted on the load interaction diagram shown by 
Fig 10.14, along with those of Models C12, R1 and R2. 
For the purpose of comparison 
been added in Fig 10.15. 
those of Model C4 and C5 have 
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10.5 ORTHOGONALLY STIFFENED MODEL SERIES WITH REPAIR BY CURVED 'T' 
SECTION 'TIED' BEAMS 
10.5.1 Review of Test Series and its Aims 
Having succeeded in the last chapter in stabilising the shells 
of Models C5 and C6 against the effect of 'initial' overall 
periodic collapse at the damaged zone of the shell by the 
technique of anchoring zones of the shell to the curved repair 
beams by the means of 'ties' it was decided to continue with 
this repair approach on the orthogonally stiffened models these 
being the most complex form of model to be investigated in this 
thesis. 
Thus the approach taken to repair this type of model was to 
bridge across the damaged zone of the shell using three curved 
'T' section 'tied' beams, two of these being coincident with 
the models internal ring stiffeners and the third beam 
coincident with the crease of the dent. 
The test series comprised two models, denoted as C7 and C8. 
Each of these models was geometrically similar to the other but 
the methodology of test required that each have a different 
level of damage imposed on its shell before it was repaired. 
In this particular test series it was not possible due to 
economic constraints to test any undamaged models as benchmarks 
from which to determine both the load knockdown factor of 
similar damaged shells (Model R5, Ref 2.9) or the efficacy of 
the particular repair approach to regain some of this 
'knockdown' value. To minimise the effect of this constraint 
it was possible by the selection of the same level of imposed 
damage as Model R5 to use its collapse parameters and mode of 
failure as the lower benchmark or reference with which to 
compare the effectiveness, or otherwise, of the common repair 
approach used on both Models C7 and C8. To this end it was 
decided to test Model C7 with the same level and form of damage 
(8mm or 13t) as that of Model R5. 
With Model R5 the intention of the test series had been to 
subject the shell to a constant hydrostatic pressure of 
0.5N/mm2 at the collapse test and then gradually superpose 
additional axial compressive loading onto the shell until 
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collapse occurred. In the event Model R5 failed prematurely 
before this level of system pressure could be attained. As 
Model C7 was identical in both geometric and damaged form to 
Model R5, the methodology of Model C7's post repair collapse 
test was to repeat the attempt to reach the previously 
unattained hydrostatic system pressure of 0.5N/mm2 pending the 
further application of additional axial compressive loading. 
This thesis had two primary objectives, the first being to 
investigate the mechanics of how the different forms of shells 
behaved in both their damaged and repaired conditions under a 
number of loading conditions and a second, of equal importance, 
to build up a bank of strain and displacement data from which 
future analysts could reference their numerical solutions. To 
satisfy this aim, particularly with the complex form of the 
orthogonally stiffened structure, it was decided to strain 
gauge Model C7 quite extensively in the vicinity of the damaged 
panels and their adjacent stringer and ring stiffeners as shown 
by Fig 9.4, The ties of the repair beams were similarly strain 
gauged. 
As part of this requirement to build up a data bank of strain 
and displacement data an elastic test under axial compressive 
loading was undertaken on both Models C7 and C8 prior to their 
final collapse tests. 
With Model C8 the methodology of test required that it be 
subjected to the same level of damage, approximately 9 plate 
thicknesses, as had been adopted as standard throughout the 
core of the thesis. 
While the design of the repair to both Models C7 and C8 had 
been fixed to eliminate a further 'variable' from the test 
methodology, it was decided to wait until after the collapse 
test of Model C7 when the parameters of the load and mode of 
collapse at failure could be studied before setting those of 
Model C8. 
10.5.2 Model C7, Review of Results and Repair 
The hope that the significant increases in load carrying 
capacity evidenced by repaired Models C5 and C6 from their 
damaged references, C4 in the case of Model C5, shown by Fig 
10.13 and R1/R2 in the case of Model C6, shown by Fig 10.14, 
were not realised in this test. 
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Model C7 was repaired with three curved section beams as 
discussed in the previous section but to accommodate for the 
increased depth of denting (13t), the length of the ties which 
anchored the shell to the beam were longer than those used on 
Models C5 and C6. 
Model C7 failed just after a hydrostatic pressure of 0.386N/mm2 
had been applied to it, this being significantly less than the 
desired test holding pressure of 0.5N/mm2. 
The form of this failure, shown by Fig 9.32, was quite sudden 
indicating that the failure had been catastrophic opposed to 
that observed from the collapse tests on Model R5 shown by Fig 
2.11 which after an initial failure evidenced by a gradual loss 
of system pressure, thereafter 'hardened-up' until the final 
overall collapse of the shell occurred again at the same system 
pressure of 0.36N/mm2. 
At the point of collapse of Model C7 the hydrostatic pressure 
loading of 0.386N/mm2 was equivalent to an axial compressive 
load of 28.87kN being applied whilst at an external lateral 
pressure of 0.386N/mm2. 
The collapse parameter of Model C7 is shown plotted on the load 
interaction curve by Fig 10.16. For the purposes of comparison 
those corresponding collapse parameters of Model R5, which had 
been tested unrepaired (Ref 2.9) with the same level of imposed 
damage as Model C7, have been included in the same figure. 
From the results of the tests on the multi-bay plain ring 
stiffened models it had been clearly seen from the tests on 
Models C4, C5, C6 and Cll that where a repair had been 
effective then it was always associated with a change of 
failure mode where the facility for inter-bay periodic buckling 
could occur rather than that of overall length periodic form. 
Scrutiny of the photographs of Model C7, shown by Fig 9.34 and 
Fig 9.35 after collapse, with those of Model R5 shown by 
Fig 2.12 and Fig 2.13, clearly shows that the failure mode of 
both was overall periodic extending in both instances all the 
way round the shell. 
It can be concluded therefore from the deformed shell form of 
Model R5 that the geometry of the plain ring stiffeners were 
not adequately stiff nor strong enough at this level of 
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applied loading to prevent the damaged zone extending outside 
the middle bay nor to localise the buckles in the shell skin. 
As a consequence of this there is probably little likelihood 
that the addition of a repair to a shell whose design was 
unsuitable for operation with even limited levels of damage 
will improve the situation. 
The instrumentation of the test provided a valuable insight 
into the mechanics of the shell behaviour during the 
application of the hydrostatic pressure. From Fig 9.63 the 
displacement behaviour of the shell at the mid height of the 
bottom panel clearly shows the susceptibility of the shell to 
displace radially inwards at the damaged zone under the action 
of the external pressure in comparison with the same position 
at point Z on the undamaged zone of the shell some 9 bay widths 
away. From this we can deduce that, when damaged, the 
stringers of this geometry of orthogonally stiffened shell, 
when acting as beam cantilevers, only have a marginal effect in 
preventing the inwards radial movement of the shell. 
The displacement distributions at positions Z, Y, X and W all 
showed very clear increases in non linear behaviour at applied 
system pressures in excess of 0.3N/mm2. Based on these 
observations and the discussion of the strain gauge results 
contained within Section 9.3.4, particularly those pertaining 
to the strain distributions of the ring stiffeners at positions 
No 11 to No 14 as shown by Fig 9.51 to Fig 9.54 respectively, 
it could be concluded that on shells of this geometry where the 
level of the imposed damage could be in excess of 13t then 
consideration should be given to limiting their exposure to 
pressure loading in excess of 0.15N/mm2. 
10.5.3 Model C8, Review of Results and Repair 
As a direct consequence of the rather disappointing results 
obtained from the repair attempt on Model C7 it was decided to 
reduce the system test pressure to 0.25N/mm2 for the test on 
Model C8. 
This reduction in system test pressure coupled with the reduced 
level of imposed damage applied to the shell 
(9t from the 
previous 13t) was believed to be sufficient to reduce 
significantly the susceptibility of this 
design of model to 
fail by the mode of overall periodic collapse of the shell. 
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This decision proved to be successful as not only did the shell 
manage to sustain the hydrostatic pressure of 0.25N/mm2, but it 
was also able to to carry a further 170kN of axial compressive 
loading before it collapsed. 
As with Model C7, collapse of the shell was sudden with a 
severe drop in the axial compressive load as shown by Fig 9.86. 
The mode of collapse, shown by Fig 9.86, was one of inter-bay 
periodic form with no sign of the overall periodic form which 
had occurred on Model C7 and shown very dramatically for Model 
R5 by Fig 2.12 and Fig 2.13. 
The testing medium on Model R5 was water, therefore when a 
local collapse or deformation occurred the system pressure 
would drop quite sharply to accommodate the new volume. 
Further re-application of the pressurising pump could sustain 
further increase in the system pressure, this effect being 
shown clearly in Fig 2.11. With all the models discussed in 
the core of this thesis the pressurising fluid was compressed 
air therefore even after collapse the system pressure would 
remain constant as shown by Fig 9.86. The significance of this 
feature is that if the shell was not in equilibrium with the 
applied lateral external pressure, the shell would continue to 
collapse radially inwards until it had extruded itself from one 
of the end ring boundaries as shown very dramatically by Fig 
8.180 and Fig 8.181. The absence of this effect on Models C7 
and C8 would tend to suggest that even in the existing deformed 
condition the shells were in equilibrium with the lateral 
pressure loading. 
This being the case the primary driving force for collapse 
could only be the longitudinal loading which if it had not been 
for the timber blocks, located between the bottom of the load 
cell and the top of the Instron actuator flange, shown by Fig 
3.2, restrained the model from excessive further axial 
collapse. 
The loading on Model C8 at collapse was equivalent to an axial 
compressive load of 190.5kN being applied whilst at an external 
lateral pressure of 0.25N/mm2. 
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The loading parameter is shown plotted on the load interaction 
diagram by Fig 10.17. For comparative purposes the equivalent 
parameter from Model C7 is also shown. 
This diagram clearly shows how vulnerable this geometry of 
orthogonally stiffened model is to combinations of increasing 
levels of imposed damage and increasing pressure effects. 
In this test the deformation of the shell at its damaged zone 
had retained its pre-collapse form and had not developed into 
the form of one of the inter-bay periodic buckles. This 
feature coupled with the fact that the repair beams had 
retained their geometric integrity gives grounds to state that 
this repair procedure had achieved its aims. 
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11.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
CONCLUSIONS 
The design concept of the Hyperbaric Structural Testing Rig and 
its associated equipment proved in practice to operate very 
satisfactorily. 
By the use of complex jigging and precision welding techniques 
it was possible to manufacture models at small scale which 
replicated both the overall geometry and the manufacturing 
imperfections of the full scale counterpart. This is an 
extremely valuable development reducing the cost of structural 
testing without sacrificing accuracy and relevance of results. 
It was not believed possible to replicate to any form of 
acceptable accuracy the residual stress distributions resulting 
from the fabrication of the full scale counterpart in small 
scale form. 
It is recommended that in buckling studies using small scale 
models a fully stress relieved model is used. 
It was determined that the practice of using compressed air as 
the testing medium to obviate electrical insulation problems 
associated with the instrumentation was successful for the 
study of the pre-buckling stages of shell deformations but that 
its application must be treated with caution and it is only to 
be recommended where the volume of the unoccupied pressure 
envelope is small and the system pressure is limited to 10 bar. 
It is recommended that in those testing programmes where the 
study of the modes of shell failure is critical that water or 
transformer oil is used as the pressurising medium. 
The effects that damage has on the membrane behaviour of a 
damaged shell tends to be localised to the zone of damage and 
decays very rapidly with outwards distance from its boundaries. 
It can be concluded from the experimental evidence that the 
width of the dent has a direct correlation with the periodicity 
tht a damaged shell deforms into at collapse. This feature 
now requires to be validated by theory. 
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Damage imposed to a shell in the form of a line dent or crease 
is unstable and will attempt to develop itself into the more 
stable form of a periodic buckle when subjected to external 
pressure loading. Such an occurrence will not necessarily 
result in the collapse of a shell. 
It was concluded that the effects of damage on the strength of 
a shell depends on the depth and position of the imposed damage 
in addition to the adequacy of the stiffening and form of the 
applied loading. 
It was concluded that in damaged multi-bay shells subjected to 
pressure loading, inadequate ring stiffening would lead to a 
'cascading' effect of overall collapse but that where the 
stiffening was adequate the buckling would remain locally 
within the bay. 
It was determined that the application of a patch repair to a 
damaged plain shell was effective in providing a path for the 
nominal circumferential and longitudinal membrane stress 
effects through the shell when subjected to external pressure 
loading. However, it was concluded that the patch approach to 
the repair of a damaged shell was not a practical proposition 
due to the possibility of fatigue cracks developing from the 
excessive bending which the plate would be subjected to in the 
longitudinal direction in order to fit round the 'bulges' at 
the extremities of the dent. 
It has been determined convincingly that in any form of repair 
where the damaged zone of the shell had not been stabilised 
against the effects of external pressure by tying the shell to 
either curved repair beams or struts, it is highly unlikely 
that any increase in load carrying capacity will result over 
that of a plain damaged shell. 
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It can be concluded from the interaction diagrams for the 
geometry of multi-bay plain ring stiffened shells tested in 
this thesis that: - 
a. in undamaged form the shell's ability to carry 
axial compressive load is not compromised significantly 
by the application of external pressure confirming the 
adequacy of the ring stiffener design used in the models. 
b. when damaged, the shell's ability to carry axial 
compressive load is severely compromised by the 
application of the same levels of external pressure 
demonstrating the vulnerability of this design of shell 
in zones where impact is possible. 
c. with a properly designed repair it is possible to regain 
in excess of 50% of the reduction in shell strength that 
resulted from the imposition of damage 
It is probably not considered possible, except by eliminating 
the damaged zone and returning the shell to the original form 
to make good all the reduction in load carrying capacity caused 
by the effects of the damage. 
It can be further concluded from the interaction diagram for 
the geometry of orthogonally stiffened shell tested in this 
thesis that the shell's ability to sustain axial compressive 
loading is severely reduced by increased levels of imposed 
damage particularly where this is accompanied by increased 
external pressure loading. 
RECOMMENDATIONS FOR FUTURE WORK 
An important aim of this thesis was to produce a comprehensive 
base of experimental data relating to the behaviour of shells 
under different forms of applied loading. While there is 
always a requirement for additional experimental data on any 
parameter study the most immediate identifiable deficiency is 
the absence of any comprehensive numerical methods approach 
with which to validate this data. This deficiency should be 
addressed. 
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Since this research work was undertaken the use of high tensile 
steels in offshore structures has been gaining increased favour 
with designers. Consideration should be given to undertaking a 
limited programme of testing to determine the buckling 
characteristics of shells made from these high strength steels 
in both undamaged and damaged forms. 
Since the publication in 1984 of Buckling of Offshore 
Structures (Ref 2.4), much additional research work has been 
undertaken, particularly in the fields of behaviour of damaged 
shells under different loading conditions as well as this 
particular work on repair aspects. As the UK Department of 
Energy no longer exists it is unclear who, if anyone, would be 
prepared to provide the financial backing to commission an 
updated edition of this reference work in which all relevant 
recent research could be compiled. Consideration should be 
given by interested parties to addressing this deficiency. 
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APPENDIX A 
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